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ABSTRACT,
3
H Nmr spectroscopy is an excellent technique for the
determination of tritium distribution in a molecule. The
present work was undertaken in order to solve ambiguities in the 
3
H nmr spectra of some tritiated amino acids and study the 
mechanisms of reaction used for the tritiation of some compounds.
This thesis is divided into six sections as follows:
The General Introduction contains a literature survey 
highlighting the properties of tritium and the applications of 
nmr spectroscopy,
3
In the first chapter the analysis of the H nmr spectra 
of tritiated DL-valine and 3-alanine are discussed.
In chapter two, the preparation of tritiated taurine and 
the mechanism of the reaction is discussed.
In chapter three the use of Dichlorotris(triphenyl phosphine) 
ruthenium II as a catalyst for the preparation of tritiated alcohols 
and the mechanism of the catalytic tritiation are discussed.
In chapter four the photochemical oxidation of Benzo(a)pyrene 
in solution is discussed.
In chapter five shale oil was separated from retort water 
and tritiated by different types of catalytic methods.
II
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GENERAL INTRODUCTION.
Radioactive isotopes have been widely used as tracers in order to 
study research problems in biology, biochemistry and chemistry. As these 
applications usually require organic compounds substituted or labelled with 
isotopes, their synthesis has led to a new branch of practical organic
chemistry - the preparation of labelled compounds.'*' The majority of studies
3 33 3't^ 36
have been made using compounds labelled with H, C, P, S and Cl.
The relative ease of labelling even quite complex organic compounds
with tritium has made tritium the most versatile radionuclide for use in
biochemical research. Not only is tritium a tracer for hydrogen but it is
also a tracer for carbon structures. However, it is becoming increasingly
important to know precisely the distribution patterns of the tritium in such
'tracers. Hitherto the distribution of labelling has not been easily
established, especially in complex molecules, because of non-specific isotope
exchange reactions which can occur during analysis. Neither do the labelling
methods used for preparing tritium labelled compounds always lead to
2
unambiguous labelling patterns.
In 1968 a collaborative project and programme was set up between 
The Radiochemical Centre and the Chemistry Department of The University of 
Surrey, to systematically examine tritium labelled compounds by tritium nmr 
spectroscopy. This method proved to be highly successful for identifying 
labelling patterns, and has now achieved a high degree of sophistication 
with much improved solid-state control of the instrumentation coupled with 
pulse Fourier transform techniques. The pattern of labelling in virtually 
any tritium labelled compound can now be readily determined by this non­
destructive method.
The scope of this thesis is limited to the preparation and analysis
3
of tritium labelled compounds, to the demonstration of the usefulness of H nmr 
spectroscopy not only for tritium analysis but also the elucidation of 
reaction mechanisms.
1. Isotopes of Hydrogen. ■
The hydrogen atom is characterized chemically by one single
electron orbiting around the nucleus, which thus has one positive charge,
but which can have different masses. The simplest form of the hydrogen
nucleus is a single proton (hydrogen); the next heaviest form is composed
of a proton and a neutron ((deuterium), then follows tritium, which consists
of a proton and two neutrons. The existence of two other hydrogen isotopes
3
of mass four and five has been reported although both are very unstable.
2. Properties of Tritium.
Definitive evidence for the existence of tritium was published
4
in March 1934 by a Cambridge team led by Rutherford. The isotope was
produced by the bombardment of a deuterium target with fast deuterons.
The following month, the Princeton team reported finding positive evidence
for the existence of hydrogen-3 in natural sources. Both teams thought
that the newly discovered hydrogen isotope, tritium, was stable. In
5
September 1939, Alvarez and Comog working at the University of California 
Radiation Laboratories demonstrated that the tritium produced by Rutherford* 
method was definitely radioactive and had a long half-life. A number of 
reviews were subsequently published describing this fascinating and exciting 
work.^
In the next 15 to 20 years tritium came into use as a tracer,
gradually displacing the stable.isotope deuterium. Progress.was slow
mainly due to the difficulty of measuring the low energy of the (3-particles.
7
In 195-6 Wilzbach discovered a simple method for labelling compounds with 
tritium; this stimulated new interest in the use of tritium compounds as 
tracers, although the method of labelling subsequently proved less useful 
than had been hoped. The value of tritium and its compounds was being 
increasingly recognised and the development of liquid scintillation counting 
made detection of the weak (3 -particle much easier. From 1957 onwards
the growth in the use of tritium and compounds labelled with tritium has 
been quite phenomenol and the isotope is proving invaluable in many fields 
of study.^
Tritium is an exceptionally interesting nuclide, partly because 
it is a second isotope of hydrogen and so effectively duplicates the highly 
diversified chemistry of that element, and partly because of its unique 
nuclear properties.^*
In the tritium nuclide, the binding energy between the three
elementary nuclear particles is relatively low, with the result that-the
nucleus is not stable and emits soft {3 -radiation of maximum energy 18.5 Kev.
16
The decay energy per millicurie of tritium per day amounts to 1.82 x 10 ev,
although the percentage of the p-radiation with energy above 17 Kev is
only 0.05. The best value for the half-life of tritium, determined by
measuring the accumulation of helium-3 which is produced by the natural decay 
3 3
of tritium H  ^  He + (3 , is 12.26 years, with the radioactive decay constant
of (1.791 x 10"9 sec”1).
Tritium has certain unique advantages as a tracer for bio-organic
reactions.^ It is the cheapest radio-isotope and this makes large-scale
tracer experiments possible. For small-scale laboratory use, being a
hydrogen isotope and a weak (3 -emitter, it often makes the radioactive
labelling of materials easier and quicker than it would otherwise be. The
half-life^of 12.26 years is conveniently long, although at the same time
sufficiently short so that environmental factors in the storage of tritiated
compounds are not as important as for long-lived nuclides. The extremely
14
high specific activities (compared for example with C) that can be obtained 
permit experiments to be carried out with compounds whose normal physiological 
concentrations are extremely low and without significantly affecting the
g
normal metabolic processes. The excellent autoradiographic properties,
due to the weakness of the [3-radiation, makes tritium the first choice
in much biological tracer work. Low toxicity and comparative ease of
labelling procedures are other obvious reasons for the extensive use of
tritium as a tracer in the study of reaction pathways and mechanisms, both
chemical and biochemical. Tritium is commercially available and the
procedures for introducing the isotope into chemical compounds are well 
8
established.
The inherent radioactivity of tritium makes it an easy process 
to measure the rate of participation of a particular compound in a reaction 
and may aid the isolation of products, but the exact location of the isotope
therein is frequently difficult to determine. The commonly used method
< ~ & 
often involves a tedious sequence of specific degradations. The procedure
Is rather wasteful if valuable materials are involved, and such degradation
may be complicated by the possible loss of tritium by exchange and by
reactions not proceeding quantitatively. Therefore an unambiguous
demonstration of the position of the label may not be obtained. The
difficulties associated with a method that involves degradation of a molecule
may be overcome by non-degradative techniques of analysis e.g. infra-red
spectroscopy. However, the isotopic abundance of tritium required is
so high (/v- 107o) that this method is unlikely to be a satisfactory method of
analysis.^
g
Tritium is usually detected by liquid scintillation counting.
The method offers a high detection efficiency, absence of self-absorption,
ease of sample preparation, energy discrimination and a short resolving time.
Two problems associated with it, namely quenching effects and sample
8
solubility can frequently be overcome.
The procedure for liquid scintillation counting consists of 
dissolving the radioactive sample in a solution containing a scintillator
solvent and solute. The liquid scintillator converts the p -energy to a 
light pulse which is then transformed and amplified by photomultiplier 
tubes to electrical energy. The signals are further amplified electronically 
and presented in the form of a digital display, (counts per minute).
A coincidence circuit reduces the background noise from the photomultiplier 
tubes.
The scintillator solvent is selected on the basis of its ability 
to absorb the energy of (3 -particles and transfer it efficiently to the 
solute. Alkylbenzenes fulfill these requirements; toluene in particular has 
been much used. Purified dioxan or anisole are sometimes used when the 
radioactive substance is insoluble in toluene. Of several primary solutes * 
such as p-terphenyl, 2-(4-biphenyl)-5-phenyl-oxadiazole (PBD),
2-(4’-t-butyl-phenyl)-5-(4f’-biphenyl)-!, 3, 4-oxadiazole (Butyl-PBD) and
8
2,5 diphenyl oxazole (PPO), the last is the most widely used.
It has been known for some time that tritium is an excellent
isotope for nmr studies and has superior nuclear properties even to
the proton as regards nmr detection. The nuclear properties of the hydrogen
8 9
isotopes are given in Table I. 9 The way in which tritium nmr spectroscopy
has been developed and its use in locating the position of labelling will 
now be discussed in some detail.
3. Tritium nmr spectroscopy.
Proton nuclear magnetic spectroscopy as it has been used in 
structural organic chemistry is a method for establishing the position, 
configuration and conformation of hydrogen atoms within a molecule. However,
nmr is not limited to hydrogen and has been used for other nuclides such
13_ 31_ , 19
as C, P and F.
With the increasing use of tritium labelling in biogenetic and 
mechanistic studies there is a growing need to know the exact position(s)
of the label in tritiated compounds by a non-destructive analytical 
3
method. H nmr is an obvious extension to the well-established proton 
magnetic resonance spectroscopy.^
Two consequences of the magnetic properties of the tritium 
3
nucleus make H nmr spectroscopy particularly useful. Firstly, since 
the tritium nucleus has a high magnetogyric ratio, reasonably small amounts 
of radioactivity only (now about 10 mci) are required to give a very 
well-defined spectrum in a short time. Secondly, the chemical shifts of 
tritium nuclei should be closely similar to those of hydrogen nuclei in 
corresponding environments. This can be proved as follows: if the
radioactive solution gives rise to two separate signals, one from the 
tritiated reference material (resonance frequency v ,p) and the other 
from the tritiated compound (resonance frequency v ,j,), then the chemical 
shift & T is given by
& T =  ^VT VT^ ^ v T ~
The condition for resonance at constant field Bq is given by
v t = Yt  B 0 ^ 1” aT^ .... (2)
where y^ is the tritium magnetogyric ratio and a ^  the corresponding 
screening constant. A similar expression can be written for the proton so 
that
1(1- a®)/(l-aE)]-l
&_/&„  --------±------- 1 — ---- ....(3)
[(1-a|)/(l-a£)]-l
Both a_ and a„ are mainly functions of the local molecular environment,
T H
which, for a single isotopic replacement, is virtually unchanged. On the
S S T T
assumption, therefore, that = o^ and (which is true to
a first approximation), equation (3) reduces to
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HYDROGEN 
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i.e. the chemical shif ts (in p.p.m.) of the tritons in a tritiated
compound are virtually the same as the proton chemical shifts derived
from the nmr spectrum of the ordinary compound. The results'^ for
a wide range of tritiated compounds, are in accordance with this expectation.
The nmr spectra were in all cases obtained from the same tritiated
samples. The vast amount of data in the literature on nmr spectroscopy
is made immediately available for the interpretation of the corresponding 
3H spectra; in addition there is no need for an internal tritiated standard. 
The nmr spectrum of the sample is obtained in the usual way using 
ordinary TMS (or DSS) as a frequency standard and the resonance frequency of 
the signal due to the latter is then multiplied by the Larmor frequency ratio 
(1.06663975) to provide a ghost reference frequency for the H nmr spectrum. 
This corresponds to the situation which would have existed if a tritiated 
standard-monotritiated TMS had been added to the sample. Recently tritiated 
TMS has been synthesised, and the validity of the ghost referencing procedure^ 
has been confirmed.
The contact contribution to coupling constants is proportional 
to the product of the magnetogyric ratios of the coupled nuclei. Thus 
when the contact term is dominant, as for first row elements of the periodic 
table, coupling constants resulting from isotopic substitutions are related 
as below.
JA,X^^Y A V  ^ A X ^ A  YX>“ etC* ...(5)
1 3
It follows that for an isotopic substitution of H by H, where 
the coupling to the proton is known, the new coupling to the triton is 
predictable:
Thus 4 / T t T X) =  V < T h V  • " (6)
50 ^  iT,X ■ JH,X < VV . - < 7>
whence of course
~T,T = JHT  ^W  = 4i,H •••(8)
The line widths of triton nmr signals are comparably narrow to those of
proton signals so that triton-proton coupling constants can be measured
with similar precision to proton-proton coupling constants. This fact
arid the similarity in magnetogyric ratios for the triton and proton mean
2
that inaccessible proton-proton coupling constants (e.g. J„ „) are best
—"ti} H
predicted from the observed triton-proton coupling constant. . The usual
procedure of making the prediction from the deuteron-proton coupling constant 
suffers in precision because of the unfavourably small value of the magneto­
gyric ratio of the deuteron, not to mention the adverse effect of possible 
line broadening. ^  A number of geminal proton coupling constants so 
obtained have been recalculated from the triton-proton couplings observed in 
the triton nmr spectra of partially tritiated compounds. The new values 
have greater precision than was hitherto attainable.
The direct correlation between integrated signal intensity in
3
H nmr spectra and the radioactivity determined by counting was early
12 '
demonstrated, using samples of tritiated water. The tritium analyses
13 12
reported, e.g. for labelled phenylalanine, thymidine, testosterone and 
related compounds^ and penicillic acid^* ^  are certainly accurate to within 
normal nmr limits (+ 27.). Where triton signal intensities have been measured
with simultaneous proton spin decoupling, and compared with measurements on
3 3
the corresponding undecoupled spectra, as for (la, , 2a - H) and (1(3 >2(3 - H)
testosterone, no differences were found. The nuclear Overhauser effect (NOE)
which might be expected to result from the proton spin-decoupling could lead
to a theoretical maximum enhancement of 477. ( Y ^/2 yT ) for the triton signals.
Comparison of normal proton-decoupled triton spectra with those in which
special conditions have been imposed to obviate NOE (delay times of
Ca. 10xT,s) show that, generally, enhancements of 10-407. are effected by 
17 18
the decoupling. 9 In most cases, the NOE enhancements are the same
at each position so that in these cases there is no differential NOE and 
the analyses are unaffected. It is wise either to make sure that the 
relative intensities remain the same for the decoupled and coupled spectra 
or alternatively to take steps to ensure full suppression of the NOE effect.' 
Suppression of the effect in triton spectra can always be effected at the 
cost of the extra acquisition time required (ca.4X), of course, but this
introduced will be small and at the very worst ^107.. This is not serious 
when compared with the possible errors from conventional degradation methods 
for tritium analysis.
3
H Nmr unlike for example, proton nmr, is not in general used to 
establish the structure of an unknown compound. More usually, as it was 
previously mentioned, it has been used to establish the position and 
distribution of tritium atoms within a tritiated compounds of known structure.
3
Assignment of a H nmr spectrum is usually made by comparison with the 
corresponding nmr spectrum, since the chemical shifts of tritons and 
protons measured under the same condition are very close. The intensity 
of the tritium signals give directly the relative amounts of the isotope in 
each position. Signal splitting may give information on the stereochemistry 
of tritium atoms in nearby positions, because the magnetic interaction between 
proton and triton nuclei on adjacent carbon atoms will depend on their
relative geometry in space. This information is of special importance,
- 9
for example, in the study of the biochemical transformation of steroids.
3 ■ 19The H nmr findings confirms the results obtained by Osawa and Spaeth
on the stereospecificity of tritium atoms in the 1 and 2 position of
androgens. In some cases, further stereochemical information may be
3
obtained by measuring triton-proton couplings in H nmr spectra without 
proton spin-decoupling, or with specific proton decoupling. The use of 
spin decoupling techniques effectively destroy coupling between adjacent 
magnetic nuclei and greatly reduce the complexity of multiplet signals.
3
Besides the determination of the specificity of labelling, H nmr can be
used-to study the decomposition products formed by radiolysis of tritium
12 15
compounds, the biosynthesis of natural products, organic reaction
mechanisms^ and the kinetics of detritiation reactions.^
)
For many tracer applications of tritium compounds, a knowledge
of the precise position and configuration of the label is essential.
3 \The ready availability of such information from H nmr will save considerable
time which in the past was taken up by carrying out laborious chemical
21
degradation methods prior to counting. For example, it is necessary'
to know the labelling pattern in tritiated benzo(a)pyrene for studies of
the binding of the carcinogen, under the influence of microsomal enzymes,
to biopolymers and for studies of the metabolism of the compound in cell 
22 23 o /}
cultures. 9 9 Similarly, a knowledge of the pattern of tritium labelling
in oestrogens is required for the correct interpretation of the binding of
25
these steroid hormones to DNA in cancer studies.
 ... _.Studies of the biosynthesis of penicillins using .tritiated valine......
required an accurate knowledge of the positions and quantitative distribution
26
of the tritium within the molecule, as did studies of the isomerisation
27
of L-valine to D-valine for incorporation in actinomycin D. A knowledge
of the stereospecificity of labelling in tritiated cholesterol was necessary
for the study of 7CX -hydroxylating enzymes and the measurement of enzyme
activity by the release of tritiated water by microsomal cholesterol 
2870C-hydroxylase. Other examples where knowledge of the precise labelling
pattern in tritiated compounds is necessary include work on chemical
29transformations of tritiated substrates and investigations on new
labelling techniques, for example labelling by microwave activation of
. . 30
tritium gas.
3
The early observation of high resolution H nmr spectra was
31 3
made by Tiers et al on a sample of neat (1,2- H)ethyl benzene at about
one atom percent tritium abundance and operating at a field strength of
8800 gauss and 40 MHz. The sample contained 10 curies of tritium in
300 |ll. The authors pointed out the dangers from pressure developing
in the sample tube due to self-radiolysis of a highly labelled compound
and stressed the potential contamination hazard.
Improved instrumentation using the pulsed Fourier transform
1 3technique has resulted in high quality H nmr spectra from samples containing
as little as 10 mci of radioactivity and at less than 0.17. isotopic 
15
abundance. At Surrey University, a micro-cell assembly was originally 
used to reduce the amount of radioactive sample to 30^ 1, thereby minimising 
problems of radiation safety. In addition, a computerized spectral 
accumulation considerably improved the limit of detection.
With these and more recent improvements in instrumentation, the
need 'for high specific activities in the tritiated compounds under
3
examination is no longer essential for H nmr spectroscopy, but may be
important when the solubility of the labelled compound in the nmr solvent
3
is very low. With currently available sensitivity, H nmr spectroscopy
can be applied to the elucidation of chemical and biochemical problems using
3
quite moderate levels of radioactivity. The subject of H nmr spectroscopy
9
and its applications has recently been reviewed.
From the instrumental point of view, most modem high 
resolution proton nuclear magnetic resonance spectrometers equipped for
spectrum accumulation can readily be adapted for tritium studies. The 
requirements are a-stable radio-frequency source giving the correct 
frequency for the triton at the magnetic field strength of the instrument, 
and the means of simultaneously irradiating protons. A desirable but 
by no means essential addition is the means of specific irradiation of 
triton signals to effect triton-triton spin decoupling, whether or not 
protons are being irradiated simultaneously. Both continuous wave and 
pulse nmr spectrometers are suitable. However, the latter have 
sensitivity advantages which is important for all nmr studies involving 
low-abundance nuclei.
Although nmr spectroscopy has been used routinely since 1960 
1 19 31
for observing H, F and P nuclei, the introduction of the pulse-
Fourier transform nuclear magnetic resonance (FTnmr) spectroscopic
technique has really facilitated the extension of nmr to most of the
32
other elements in the periodic table. Publication of the fast Fourier
33transform algorithm, the demonstration of the practicability of FTnmr
34
spectroscopy by Ernst and Anderson and the rapidly diminishing cost 
of computing hardware have led to the introduction of FTnmr into many 
chemical laboratories engaged in structural analysis.
4. Sample Preparation and nmr measurement.
A solution of the labelled compound in a chosen deuteriated 
solvent, containing a trace of internal reference, was introduced into a 
cylindrical microcell (100 pi or 440 |il capacity) by means of a syringe. 
Sometimes, filling of the microcell was facilitated by prior partial 
evacuation. This was achieved by fitting the open end with a serum cap 
and allowing evacuation via a needle connected to the high vacuum pump. 
Moreover, the air in the microcell could readily be replaced by inert gas, 
if necessary, and the cell contents could be maintained under reduced 
pressure to facilitate sealing of the neck. The microcell was then sealed
at the neck and care taken to provide a good fit to the Teflon holder, 
by which the microcell was inserted carefully in the nmr tube. In 
order to prevent wobble when the tube was spun in the spectrometer probe, 
carbon tetrachloride was placed in the nmr tube to occupy the annular space 
between the microcell and the outer tube. The position of the microcell in 
the nmr tube was adjusted to provide optimum signal intensity.
1 3
H and H nmr spectra were obtained using a Bruker WH90 pulse
spectrometer operating at 90 and 96 MHz respectively. The pulse width is
usually within the range 1/5-3 Jls (15° to 30 flip angle) and the
4 4repetition interval 1.6-3.4 s, as appropriate. Between 10 and 4 x 10 
transients are usually acquired in 8. K channels and Fourier transformed to 
provide a spectral display of approximately 13 p.p.m. A scale factor 
,of 21.31 Hz cm  ^ is used for the triton and 20.00 Hz cm  ^ for proton spectra 
so that the p.p.m. scales are identical.
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1.1. INTRODUCTION.
Nuclear magnetic resonance (nmr) studies of amino acids are 
important not only because of the information that can be provided 
concerning their structure and behaviour in solution but also because 
of the background information provided for protein nmr studies.
It is not therefore surprising that considerable data on the Hi nmr 
of amino acids has been published^. The general conclusions can be 
Summarised as follows:
1. The chemical shift of the amino acid protons is dependent
on the state of ionization of the amino acid. The change in the
electron density of the ionized group is transmitted through the
entire carbon chain in aliphatic amino acids and the aliphatic portion
of aromatic amino acids. The relative magnitude of the transmitted
effect decreases with an increase in distance from the ionized group.
A change in the pH of the solution can lead to a change in the ionization
state of the amino group and/or carboxyl group and as a result the
chemical shift of the amino acid protons are dependent on the pH of
2
the solution, e.g. McDonald and Phillips observed a large change in
the chemical shift of the ^-proton of histidine between pH 1-3 and 7-10,
+
which results from the ionization of the CO^HCpK 1.8) and NH^ (pK 9.8)
groups respectively. The chemical shift of the^— proton is less
affected than the a-proton as shown in Figure 1.1.
Figure 1.1
Titration curve of histidine in D2O. The chemical 
shifts of thea -proton and (3-proton resonance are shown 
relative to their values at pH^l (4.45 and 3.25 ppm 
downfield from DSS, respectively) in Hz at 60 MHz.
2. The magnitude of the coupling constant between two protons
on adjacent carbon atoms is in some cases dependent on the state of
ionization of the amino acid. This reflects the difference in
preferred conformations in the different ionized states. It has been
3
well established from experimental studies and theoretical 
4
investigations that the magnitude of the coupling between two protons 
on adjacent aliphatic carbon atoms is a function of the dihedral angle 
formed by the H-C^-C^ and C^ — C^-H bond pairs.
5-9It has been found in most cases at room temperature, that 
the life-time of rotamers generated from rotation around the Cq7C p single 
bond of a-amino acids is short compared to the nmr measuring time so 
that all the nmr spectra are averaged into one spectrum. Therefore
the observed coupling constant between the cx -proton and (3 -proton 
) is
= h J-ai + x2^2 +
where X is the relative life-time of each rotamer, and >
and are the coupling constants of these protons in each rotamer.
It is generally assumed, although the validity of the assumption is 
uncertain, that the two gauche coupling constant (J ) are the same, 
and the trans coupling constant (J is different, so that having 
a reliable value of J and J t in many cases permits the calculation 
of the rotamers. This makes high-resolution nmr spectroscopy 
uniquely suited to the study of the conformation of amino acids in 
solution. The uncertainty in the values of the coupling constants 
(J_ and jJ ) is the most important weakness in this type of analysis.
10 1 
Aruldhas has stated that the observed H nmr spectrum
of DL-valine and of DL-threonine each consists of two superimposed
spectra. His interpretation is that two of the rotamers (Figure 1.2)
II and III are separated by relatively very large energy barriers
whilst the remaining barriers to the internal rotation potential are
low, causing the interconversions from I—>11 and I->III to be rapid
while II-^III is slow. This supposition has been criticised by
B. Bak and F. Nicolaisean^. They claimed that the -^H-nmr spectra of
.o^-amino acids rotamers at room temperature are effectively averaged
to one spectrum.
CH
CO„HNH
CH
III
CHH
NH 2 CH
II
CHCH
CO„HNH
I
Figure 1.2 -
The three rotamers which result from rotation around 
the C -C^ single bond in DL-valine.
cx 3
12Recently, Elvidge et al have found an unexpected multiplicity
3 3
in the proton decoupled H nmr spectra of DL-(3.4- H)valine and
33-(l- H)alanine. These results may reflect the idea that the observed 
3
H nmr spectrum consists of the superimposed spectra of the three
rotamers generated from rotation around the Cq t C^  single bond.
Alternatively, the presence of a mixture of singly and multi-labelled
3
species may cause such multiplicity in the H nmr spectrum due in part 
to tritium-tritium coupling and in part to isotopic shifts resulting 
from the presence of more than one tritium atom in the same molecule.
The present study was therefore undertaken in the hope that 
3
a full analysis of the H nmr spectra of these amino acids would resolve 
these uncertainties.
1.2. EXPERIMENTAL.
1.2.1. Equipment and Materials.
The proton and tritium nmr spectra were recorded at 25+l°C 
with a Bruker WH90 pulse spectrometer operating at 90 and 96MHz 
respectively.
(3 -Alanine and DL-valine were obtained from BDH Ltd.
3 3
and the:{3-(l- H)alanine and DL-(3,4- H)valine were obtained from
The Radiochemical Centre, Amersham.
3
1.2.2. Preparation of (2.2*- H)isopropyl iodide.
In a 10 ml glass tube, 5 ml of A.R. acetone was mixed with
20p. 1 of tritiated water (50 Ci/ml) and about 0.1 g of sodium hydroxide.
The tube was sealed and kept at room temperature for 48 hours. It
was then opened, and the contents mixed with a small quantity of
3
desiccant (CaCl^) and filtered. The filtrate ( H-acetone) was mixed 
with 1.0 g of sodium borohydride and stirred for 1 hour.at room 
temperature. Then 5 ml of 1^0 was added, and the mixture was shaken for
3
15 minutes. The organic layer (2.2'- H)isopropyl alcohol was taken
and mixed with 30 ml of constant boiling point hydriodic acid in a 50 ml
distilling flask fitted with a condenser for distillation. The mixture
was distilled slowly (5 drops/min.). When about half the liquid had
passed over the distillation was stopped and the lower layer of
distillate was taken, washed with 5% Na^CO^ solution and then water and
3
dried over anhydrous calcium chloride. The product was (2.2*- H)
3
isopropyl iodide (ca. 4.0 ml). The proton decoupled H nmr spectrum
of the compound showed one signal at 1.95.
3
1.2.3. Preparation of DL-(4- H)valine.
To a stirred, boiling solution of 5.4 g of ethyl
acetamidomaIonate and 0.5 g of sodium in 50 ml of absolute ethanol was
3
added 3.0 g of (2.2*- H)isopropyl iodide. Refluxing was continued 
for a further 6 hours. The solution was concentrated in vacuo, 
and the pale yellow residue was taken up in a mixture of 12 ml of water 
and 12 ml of chloroform. The aqueous layer was thoroughly extracted 
with chloroform. The combined organic extracts were concentrated 
to give 5.0 g of an almost colourless crystalline solid. The solid 
was dissolved in 15 ml of 487c hydrobromic acid and refluxed for 8 
hours, then decolorized. Concentrated ammonium hydroxide was added 
to the filtrate to pH 6 and the solution chilled overnight. The 
amino acid was collected by filtration and dried, yielding 2.0 g of 
DL-(4-^H)valine.
1*2.4. Preparation of CDHT-COOCH,,.
0.1 g of malonic acid was dissolved in 1.0 ml of D^O in an nmr 
tube and the isotopic exchange of the methylene protons followed by 
observing changes in the nmr spectrum. After 507o exchange had occurred 
the solution was lyophilized and labelled malonic acid transferred to a 
small test tube containing 101^1 of 50 Ciml  ^ tritiated water.
Decomposition of the malonic acid was induced by heating the content 
to 180°C, the acetic acid so produced being collected as shown below.
malonic 
acid 
+ HTO
tube is cooled 
- by surrounding 
with ice
The labelled acetic acid was washed with methanol .in order to remove 
labile tritium and then mixed with 2 ml of ether saturated with 
diazomethane, the solution was warmed and the ether carefully distilled 
off. The product was dissolved in CDCl^ and submitted for nmr analysis.
1.3. RESULTS AND DISCUSSION.
1.3.1. DL-Valine.
The nmr spectra of DL-valine at different pH show that the
maximum difference in methyl chemical shifts is found at pH 7, while in 
very acidic.solution (4N HC1) the two chemical shifts of the methyl 
groups accidentally coincide.
in D^O at pH 7 (Figure 1.3) shows six lines between (1.0-0.9)6 for 
tritium on the two methyl groups, and three lines centred at 2.16 for 
tritium in the (3-position. The expected spectrum should show two lines 
in the methyl region for the two magnetically non-equivalent labelled 
methyl groups, and one line for the tritium atom at the (3 -position. 
Analysis of the spectrum should take into account the following 
possibilities:
1. The observed spectrum comprises the superimposed spectra of 
the three rotamers. It should give
a. Six lines in the methyl region for the tritium atom on
b. Three lines in the me thine region for the three different
tritium atoms at the 3 -position in the three different rotamers. 
2. The spectrum comprises the superimposed spectra of singly and 
doubly tritiated species. The singly tritiated species are
3 3
The proton decoupled H nmr spectrum of DL-(3.4- H)valine
CH - CH
/ 2
CO„H
the six different methyl groups resulting from rotation
around theC^-Cp single bond.
3.0 2.0 
Figure 1.3
1.0
The observed proton decoupled H nmr spectrum of
3
DL-(3,4- H)valine in D2O.
0.0
3
The expected doubly tritiated species, since DL-(3,4- H)valine has
been prepared by addition of tritium gas to the double bond of
The simulated spectrum for this mixture is shown in Figure 1.4, 
which again shows six lines in the methyl region and three lines 
in the methine region. The separation between lines 1 and 5 equals 
the separation between lines 2 and 6 and is the same as the
to the chemical shift difference between two methyl groups ( Av).
The intensities of lines 9+7 are equal to the intensities of the 
lines 1+2+5+6.
The simulated spectrum of the above cases shows the same
general features as the observed spectrum. To solve this ambiguity 
3
DIT-C4- H)valine of low specific activity was prepared as follows:
the valine precursor are the following vicinal, doubly tritiated
apecies
CF T NH CH NH2
CT CH and
CH
3
c o 2h c h2t
(IV) (V)
separation between lines 7 and 9 i.e. ^ (vicinal tritium-tritium
coupling constant). The separation between lines 4 and 3 is equal
monotritiated 
\ ^
' 4 * ' . 3
N 'H
vicinal 
doubly tritiated
y-methyl region
vicinal 
doubly tritiated
N"
monotritiated 
8 '
8- methine region
Figure 1.4 
3,
Simulated proton decoupled nmr spectrum for monotritiated and
3vicinal doubly tritiated DL-(3,4- H)valine.
CH CH, CH- CH,
\  nu 1-NaBH. \  UT ''V.
“ - 5K T +  ^ > C0 " 2^ ^  " > 0H ^ C H I
IH3 CH2T cfi^ T CH2T
CO,CH,CH, CH, CO,CH,CH,
/  2 2 3 NaOC H \ 3 /
+ C»— NHCOCH3 — ^  > CH — C — HHCOCH3
C02CH2CH3 CH2T C02CH2CH3
CH, NH,
\3 / 2
HBr v CH— CH
* /  \
CH2T C02H
3 3
The observed proton decoupled H nmr spectrum of the DL-(4- H)valine
in D20 at pH 7 (Figure 1.5 a) shows a doublet in the methyl region
separated by 0.05 ppm, while in acidic solution (4N HC1) (Figure 1.5 b)
a singlet is obtained. These results give clear evidence that at
room temperature the rotation around the single bond is fast
compared to the nmr spectrum measuring time and the spectra of the
rotamers are averaged into one. Therefore the complexity of the
3 3
observed proton decoupled H nmr spectrum of DL-(3,4- H)valine is the
result of the presence of singly and doubly tritiated species.
3 3
Analysis of the observed H nmr spectrum of DL-(3,4- H)valine
(Figure 1.6) using the previous simulated spectrum (Figure 1.4) shows
that the chemical shift difference between the two methyl groups (Av)
is equal to 0.026 ppm and the vicinal coupling constant between the
two adjacent tritium atoms ( J ^ )  is equal to 10.30 Hz which differs
from the values calculated"^ ^  from the ^H nmr spectrum of the same
solution, these being 0.04 ppm and 7.9 Hz, respectively. Also, the
intensities of lines 1+2+5+6 are greater than the intensities of 9+7.
To resolve these anomalies the presence of the following geminal
(b)
Figure 1.5
3 3
Proton decoupled H nmr spectrum of DL-(3,4- H)valine
a) in D2O at pH 7, b) in acidic solution (4N HC1).
  —,----------------------------------------,----------------------
1.0 .0 . 8?  • 6
Figure 1.6
3 3
The proton decoupled H nmr spectrum of DL-(3,4- H)valine in
showing the expanded methyl region (5 Hz/cm) and the assignment
made from the simulated spectrum (Figure 1.4)*
doubly and triply tritiated species are proposed
CHT0 NH0 CH, NH0
\ 2 / 2 \3 / 2
CH— CH CH— CH
/ \ / \
CH3 C02H CHT . C02H
(VI) (VII)
CT, NH, CH, NH,
\ 3 / 2 \ 3 /  2
CH — CH CH-—  CH
/ \ / \
CH3
co2H ct3 -C02H
(VIII) (IX)
The simulated spectrum for all the above proposed species is shown 
in Figure 1.7.
3
Analysis of the observed proton decoupled H nmr spectrum 
3
of DL-(3,4- H)valine (Figure 1.8) was carried out using the simulated 
spectrum (Figure 1.7). The chemical shift difference between the 
two methyl groups for the mono-tritiated species, Av(separation between 
lines 9 and 6), is 0.051 ppm, while for the geminal doubly tritiated 
tritiated species Av (separation between lines 7 and 3) is 0.055 ppm.
3
The vicinal coupling constant between tritium nuclei, (separation
between lines 2 and 10 - A v ) is 7.9 Hz. The geminal isotopic shift 
(separation between and is 0.027 ppm, while, the vicinal
isotopic shift (separation between 2 and 6 - h which is equal
to h “ separation between 9 and 10) is 0.013 ppm, which is in full
agreement with the value calculated from the ^H nmr spectrum and the
3 3
proton decoupled H nmr spectrum of DL-(4- H)valine. From the
intensities of each line, the relative percentage of each species was
obtained as shown in Table 1.1.
monotritiated
\ 9
vicinal 
doubly^ tritiated
*10
geminal 
doubly tritiated
A V'
' 2
A-
geminal
triply tritiated *
' /
/
1 '
y-methyl region
monotritiated
13
vie inal 
tritiated 
1
doubly
3"^" methine region
Figure 1.7
3
Simulated H nmr spectrum, decoupled for different species
of DL-(3,4- H)valine.
5i . o
Figure 1.8
■ ■ 3  3
The proton decouplied H nmr spectrum of DL-(3,4- H)valine showing the
methyl region (5 Hz/cm) and the assignment made from the simulated
spectrum in Figure 1.7.
-Table 1.1
The relative percentages of different tritiated species
3
in DL-(3,4- H)valine. 
compound relative 7o
(III) 19.6
(I) and (II) 24.2
(IV) and (V) 30.9
(VI) and' (VII) . 16.7
(VIII) and (IX)  ^ 2.9
DL-(2-3H)valine 5.2
It has been shown above that the chemical shift of the two 
methyl groups are equal in acidic solution. Using this fact and 
the values obtained from the spectrum analysis (Figure 1.8) for
the vicinal coupling constant and the isotopic shift, a simulated
3 3
proton decoupled H nmr spectrum for DL-(3,4- H)valine in acidic
solution was obtained. This agreed with the observed proton 
3
decoupled H nmr spectrum in acidic solution (Figure 1.9), and finally 
proves the validity of the spectrum analysis.
monotritiated
vie inal 
doubly tritiated
geminal 
doubly tritiated
geminal 
triply tritiated
Figure 1.9
3
The observed and simulated proton decoupled H nmr spectrum
DL-(3,4- H)valine in acidic D«0 solution (4N HC1).
1*3.2. ft-Alanine
The three energetically stable rotamers that result from 
rotation around the C-C single bond of 3 -alanine are shown in 
Figure 1.10.
H NH
H.
B
NH
CO_H
NH
CO.H
(I) (II) (III)
Figure 1.10
The three rotamers which result from rotation around the 
C-C single bond of 3-alanine.
In conformer III, the two methylene protons are magnetically equivalent 
because they are in a similar environment. The two methylene protons 
in conformers I and II should also be magnetically equivalent, because 
they can exchange their positions without any change in nonbonded 
interaction ( = V^ and V ^  =v ^ ) and the population of the rotamers
are equal (i.e. they have the same energy). Therefore the doublet in
3 3
the proton decoupled H nmr spectrum of p-(l- H)alanine (Figure 1.11)
should be related to the presence of singly and double tritiated
3 -alanine i.e. N^CHTCF^CC^H and NH^CT^CH^CO^H and this could be proved
3
by comparing the proton coupled H nmr spectrum (Figure 1.12) with two
3
simulated H nmr spectra taking into account the two following 
possibilities:-
1. the two protons are magnetically non-equivalent (Figure 1.13);
2. the presence of singly and doubly tritiated species (Figure 1.14).
‘i 3 2 6
Figure 1.11
3 3
The observed proton decoupled H nmr spectrum of p - (1- H)alanine
in D^O.
Figure 1.12
3 ^
The observed proton coupled H nmr spectrum of P-(l- H)alanine
in D2O.
T T A
H-T
/ '
\ I \ V
Figure 1.13
3 3
The simulated proton coupled H nmr spectrum of j3 —(1— H)alanine,
supposing that the two methylene_protons are magnetically
non-equivalent.
I \
-H-T
Figure"1.14
3 3
The simulated proton coupled H nmr spectrum of 3-(l- H)alanine,-
assuming the presence of the singly and doubly tritiated species.
3 3
The observed proton coupled H nmr spectrum of (3-(l- H)alanine
agreed with the second possibility. From the observed spectrum it
HT
2
was found that the geminal H-T coupling constant J was equal to
3
13.4 Hz and the vicinal H-T coupling constant J was 6.86 Hz.
— HT
It is relevant at this stage to point out the usefulness
of tritium nmr spectroscopy in spectrum analysis. Specific
3
tritiation leads to H nmr spectra that are readily analysed; they
are considerably easier to interpret than the Hi variety. An
important corollary is that when specific tritiation procedures lead
. 3to a degree of non-specific labelling H nmr spectroscopy provides a 
very powerful tool for detailing possible reaction mechanisms.
3
H nmr spectroscopy can also be very useful in circumstances 
where all three isotopes (H, D and T) are present in the same compound 
e.g. methyl acetate so labelled can be prepared as follows:-
ch2 (cood)2
, _ _ ■ 1-mixed with HTO_______ \
CH2 (COOH)2 + D20 > (COOD)2 2-decarboxylated at 18CT
cd2 (cood)2
CH-T - COOH ! CH0T - COOCH0-
2 j 2 3
CHDT - COOH CHDT - COOCH,
2 - Lh2JN2 3
CD2T - COOH CHDT - COOCH3
3
The proton coupled H nmr spectrum of the mixture of three 
products should contain
1. a triplet for the tritium in the CH2T-group. The separation 
is equal to the geminal H-T.
2. a triplet of doublets for the tritium in the CHDT-group, the doublet 
resulting from the geminal coupling between hydrogen and tritium 
(multiplicity = 2 I + l = 2 x ^ + l = 2 ) .  Each line of the 
doublet is split into a triplet resulting from D-T coupling 
(multiplicity = 2 1  + l = l x l + l =  3).
3. a pentet for the tritium in the CD2T-group. The separation 
is equal to the geminal D-T coupling .constant 
multiplicity = 2 1 + 1 = 2 x 2 + 1 = 5 .
Nearly all the lines can be clearly seen in the actual spectrum 
(Figure 1.15) of the compound with only some of the CD^T-group signals 
hidden. From the intensities of these lines the relative percentage 
of the different species can be obtained.
Consequently, tritium nmr spectroscopy offers an excellent 
method for determining the relative proportion of different isoto.pic 
mixtures, which would otherwise be very difficult to obtain.
CH T
CHDT
*
T
3
Figure 1.15
3Proton coupled H nmr spectrum of methylacetate in CDCl^
a) 21.33 Hz/cm b) 5 Hz/cm
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2.1. INTRODUCTION.
Labelled amino acids find wide use in both chemistry and
biochemistry. They are usually labelled either with the isotopes
14 13 2 3
of carbon ( C or C) or hydrogen ( H or H). Before such
compounds can be safely used it is usually necessary to know
a) the site at which the label is located,
b) the stability of the label under conditions which approximate to 
those in which it is to be used as a tracer.
14 13
In the case of C and C labelled amino acids the label
is usually inserted via a series of chemical reactions, the course of
which is well documented. In other words the position of labelling
is known with close to a 1007. certainty. Furthermore any loss of
label can only take place under the most extreme conditions. These
14 13
two factors taken together explain why C or C labelled amino acids 
are so widely used.
2 3
As far as H or H labelled amino acids are concerned the 
position is somewhat different. In general there are a large number 
of methods available for inserting deuterium or tritium into organic 
compounds, many of them being simple one-step reactions e.g. acid or 
base-catalysed isotope exchange. An important consequence of this 
ease of labelling is that the label can also be lost, sometimes under 
very mild conditions. Consequently great care should be exercised 
when deuterium and tritium labelled amino acids are used as tracers.
In most instances it is preferable if the stability of the label under 
a number of widely different conditions can be ascertained before the 
labelled compound is to be used. In this, way the. possible misinterpretation 
of the results can be kept to a minimum.
The conditions under which the label is lost can provide a 
good,deal of information concerning the mechanism and this in turn can
be used to identify the optimum conditions for labelling a particular 
compound. Consequently although the lability of a compound may 
minimise it’s successful use as a tracer, it may at the same time 
provide valuable information of another kind.
Broadly speaking the preparation of deuterium (or tritium) 
labelled amino acids can be considered in terms of two categories, 
those involving generally-labelled compounds and those involving 
specifically labelled compounds. Those in the former category are 
usually prepared by catalytic (both homogeneous and heterogeneous) 
methods which are described in more detail in Chapter 3.
As far as chemical methods for specifically labelling amino
acids are concerned there are seven approaches which are widely used:-
1. Catalytic reduction of unsaturated precursors, an example of this
3
being the preparation of DL-(4,5- H)leucine. A dioxane solution 
of ethyl 2-acetamido 2-ethoxy carbonyl 4-methyl-pent-4-enoate (I) 
is treated with tritium gas in the presence of a platinum catalyst, 
Hydrolysis of the tritiated product with hydrobromic acid followed 
by treatment with ammonia gives the required product^".
CH. C0oEt
i 2
CH. C—  CH„C1+ Na—  C —  NHCOCH.
CH. C02Et
CH0 ==. C — - CH0— ■ C—  NHCOCH,
C02Et C02Et
CH„T
\ 2
C02H
/
CH
CT—  CH2—  -CH
NH,
a) HBr
b) NHC10H
CH.
CH„T—  CT —  CH,
(I)
T2
Pt/C
C02Et
NHCOCH.
C02Et
•••2.1
2. Catalytic halogen-tritium (or deuterium) replacement. These
reactions have been particularly useful in the preparation of amino
acids labelled in the aromatic ring positions. This can be
3
illustrated by reference to the preparation of (3,5- H)tyrosine
2
from 3 ,5-diiodotyrosine .
CH„““C H  CO„HHO 2 Raney nickel' 
/NaOH
NH
CH0—  CH —  C0oH
2 j 2
n h 2
. . .2.2
3. Decarboxylation of ce-amino-ma Ionic acid derivatives is very
useful when specific labelling in the a-position is required.
The reaction is normally carried out in an acidic solution of
the tritiated (or deuteriated) solvent and the method can be
3 3
illustrated by reference to the preparation of DL-(2- H)leucine 
starting from 2-acetamino-2-carboxy-4-methyl pentanoic acid.
The general reaction is 
COOH
i T+
R — C —  NHCOCH, — ^ R — CT— NH,
| 3 j
COOH COOH ...2.3
4. Chain extension by the Arndt-Eistert reaction. This method 
which is used for tritiation (or deuteration) in the opposition
to the carboxyl group may be achieved by treatment of diazoketones 
with tritiated (or deuteriated) water containing silver oxide^.
The reaction can be generally represented as follows:- 
R —  CH —  CO —  CHN0  R —  CH —  CTH —  COOH
i 2 i
^ 2  OT2 ...2.4
5. Addition of tritiated (or deuteriated) hydrogen halides to
a(3 — unsaturated acids is another method that can lead to specific 
labelling at a position ato the carboxyl group, as shown:-
XR —  CH = CH- COOH— 22-^ . R — - CH —  CHT —  COOH
1*NH^OH
NH0
l 2
R —  CH— CHT— COOH ...2.5
In such reactions the Markownikov rule is obeyed and the
(3-halogenated acid is formed. Subsequent treatment with ammonia
provides the required labelled amino acid.
6. The use of precursors in which reduction of a functional group
such as -CHO, ^CO, -COOCH^ is possible can also lead to the 
desired amino acid. For example, serine specifically labelled in 
the 3-position is conveniently prepared by partial reduction of 
diethyl acetaminomalonate with sodium borotritide (or sodium deuteride) 
C0oEt CHT— OH CHT—  OH
I I IVfpT)tJ rp ' 1
CHNHAC 3 A  CH—NH. Ac -----> CH —  NH
I I I
C02Et C02Et C02H ...2.6
7. Addition of tritiated (or deuteriated) methyl iodide can be employed
e.g. methionine specifically labelled in the methyl group is
prepared from the reaction of methyl iodide with homocysteine.
5
The reaction is usually carried out in liquid ammonia.
I
HSCH2CH2CH— COOH + CH.3I - ^ liquid ^3.) CH3SCH2CH2~ C H  —  COOH
...2.7
It is conceivable that some of- these methods can lead to a 
degree of non-specific labelling. Whether this is a serious problem 
or not depends on the way in which the labelled compound is to be 
employed. What is true however is that in the same way as the lability 
of a compound can provide information of mechanistic importance so 
also can the pattern of non-specificity. The present work is concerned 
with the preparation of tritiated (and deuteriated) taurine and shows
n h 2 n h 2
3
how nmr- spectroscopy and in particular H nmr can provide useful 
analytical information which not only provides more confidence to the 
users of tritium labelled compounds but also shows that it is not 
always safe to assume that even in relatively simple and straightforward 
reactions the degree of non-specific labelling is zero.
Tritiated taurine is prepared at The Radiochemical Centre, 
Amersham by the following sequence of reactions:
Stage I
C0oEt 1) AlClQ/NaBH0T CHTOH -
I _j_ _    »  I
CH2fe3Cl 2) HC1 CH2 —  fo3Cl ...2.8
Stage II
CHTOH HBr CHT —  Br
CH2fe3Cl 125°C. CH2 — *fe3Br  2.9
Stage III
CHT— Br NaoS0, CHT —  SO,H
I _ ^ > | 3
CH2 — fa3Cl CH2 —  NH2 ...2.10
The H nmr spectrum of the product in D20 (Fig. 2.1) showed 
multiplets centred at & 3.22 and § 3.38, corresponding to the presence 
of tritium in both the 1 and 2 methylene groups. The question to be 
resolved therefore is how this could have come about, and at what 
stage was the tritium inserted into the second methylene position.....
r
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Figure 2.1
3 3
Proton decoupled H nmr spectrum of (G-H)taurine.
2.2. EXPERIMENTAL.
2.2.1. .Materials and Equipment.
All the compounds used are commercially available and were 
purified by standard methods.
. The proton and tritium nmr spectra were recorded at 
25+l°C. on a Bruker WH90 pulse spectrometer operating at 90 and 96 MHz 
respectively.
2.2.2. Procedures.
2
Preparation of 2-amino(1- H)ethanol hydrochloride.
- 2
Sodium borodeuteride 0.4 g, (1.0 x 10 moles) was placed in
a 50 ml two-necked round-bottomed flask together with 10 ml of diglyme.
After stirring for a few minutes, glycine ethyl ester hydrochloride 
_2
2.2 g, (1.6 x 10 moles) was added with vigorous stirring followed by
-3
addition of a solution of AlCl^ 0.44 g, (3.4 x 10 moles) in 10 ml 
of diglyme from a dropping funnel at such a rate that the temperature 
inside the flask did not rise above 50°C. After the aluminium chloride 
had been added, the reaction mixture was stirred for one hour at room 
temperature followed by heating on a steam bath for one hour..
The reaction mixture was cooled to room temperature and 
poured into a beaker containing 20 g of crushed ice and 2 ml of 
concentrated hydrochloric acid, then extracted with n-hexane to remove 
the solvent. The pH of the aqueous solution was then adjusted to 14 
by addition of concentrated sodium hydroxide solution, and the product 
was continuously extracted with ether into a reservoir containing 5 ml 
of 2N hydrochloric acid for 48 hours as shown in Figure 2.2. Afterwards, 
the ether was distilled off and the remaining solution was evaporated 
to dryness under reduced pressure. The residue was dissolved in ethanol
condenser
e ther
ether with 
3NHC1 ---
steam
bath reaction
mixture
Figure 2.2.
The continuous extraction apparatus used for extraction
of 2-amino ethanol.
and treated with charcoal followed by filtration and evaporation of the
2
solvent. 1.0 g of 2-amino(l- H)ethanol was obtained.
2
Preparation of 2-bromo(l- H)ethylamine.
2 -i
2-Amino(l- H)ethanol hydrochloride 1.0 g (1.6 x 10 moles) 
was dissolved in i0 ml of constant boiling HBr and transferred to 
a small glass tube. The mixture was frozen and the tube was sealed 
under vacuum prior to heating overnight at 125°C. The tube was 
cooled, opened and the excess hydrobromic acid distilled under vacuum 
by warming the mixture. The residue was then washed with a small 
amount of cold acetone and dried under, vacuum.
Preparation of deuteriated taurine.
2 — 2 
2-Bromo(l- H)ethylamine hydrobromide 0.61 g, (3 x 10 moles)
_3 '
and sodium sulphite 0.41 g, (2 x 10 moles) were dissolved in 24 ml 
of water and placed in a small tube. The tube was then flushed with 
nitrogen, stoppered and incubated overnight at 70°C. The reaction 
mixture was cooled and rotary evaporated to a smaller volume. It was 
then applied to a silica gel loaded paper together with a taurine marker. 
The paper was dried and eluted with a mixture of methanol (60 ml), 
pyridine (4 ml) and water (20 ml). The part of the paper containing 
the taurine was cut off, sprayed with ninhydrin solution in butanol and 
heated at 120°C. for 2 minutes. The single violet spot that appeared 
was used as a pointer for the taurine in the rest of the paper, which was 
cut away and kept in water. The solution was lyophilysed, and the 
residue dissolved in D^O and submitted for nmr analysis.
2.3. RESULTS AND DISCUSSION.
Figure 2.3. The nmr spectrum of 2-aminoethanol in
D^O shows two triplets centered at 3.1 and 3.66 for the protons in 
the two methylene groups.
Figure 2.4. The ^"H nmr spectrum of 2-bromoethylamine in
D^O shows two complex bands centered at 3.4 and 3.7 6 for the protons
in the two methylene groups.
Figure 2.5. The nmr spectrum of taurine in D^O shows
a complex band centered at 3.4 6 for the protons in the two methylene 
groups.
1 2Figure 2.6. . The H nmr spectrum of 2-amino(l- H)ethanol in
D2O shows a singlet at 3.1 6 for the protons in the methylene group oc
to the amine group.
1 2Figure 2.7. The H nmr spectrum of 2-bromo(l- H)ethylamine
in D^O shows a singlet at 3.16 for the protons in the methylene group OC
to the amine group.
1 2 Figure 2.8. The H nmr spectrum of (G- H)taurine in D2O shows
two signals at 3.2 and 3.4 6.
Determination of the stage at which the label is inserted into 
the second methylene group can be achieved by repeating the reaction 
sequence using NaBD^ in the first step and recording the nmr spectrum 
of the product from each stage.
The nmr spectra of 2-aminoethanol, 2-bromoethylamine and 
taurine are shown in Figures 2.3, 2.4 and 2.5 respectively. The chemical 
shifts of the protons in the two methylene groups of 2-bromoethylamine 
and taurine are closely spaced but can still be used to show when isotopic 
mixing occurs.
I I I
5 4 3 6
Figure 2.3 
nmr spectrum of 2-aminoethanol in l^O.
1--------“ I— ------- 1--------- 1—
6 5 4 3 6
Figure 2.4
H nmr spectrum of 2-bromoethylamine in D^O.
-j—  -- 1-----r~— n— r— ■
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Figure 2.5
3
H nmr spectrum of taurine in
H nmr spectrum of 2-amino(l- H)ethanol in D00
i
.5
Figure 2.7 
2,L 
H nmr spectrum of 2-bromo(l- H)ethylamine in D2O.
H nmr spectrum of (G- H)taurine.
1 2 
The H qmr spectra of 2-amino(l- H)ethanol (resulting from
2
Stage I equation 2.8) and 2-brom(l- H)ethylamine (resulting from 
Stage II equation 2.9) both show one band for the methylene protons 
(Figures 2.6 and 2.7 respectively). This indicates that there is 
no mixing during these stages.
The nmr spectrum of deuteriated taurine (resulting from 
the last Stage equation 2.10) shows (Figure 2.8) two bands in the
methylene region. This proves that the product is a mixture of
2 2 
(1- H)taurine and (2- H)taurine and shows that mixing occurs at this
stage.
The isotopic mixing implies that a symmetrical intermediate 
must be involved during the last of the above stages leading to the 
formation of two equivalent methylene groups. Conceivably, the 
symmetrical intermediate is aziridine (or protonated aziridine) which 
could be formed by cyclisation and loss of Br from 2-bromoethylamine.
Then the aziridine (or the protonated aziridine) is attacked 
by a nucleophile with equal probability of attachment on either of the 
two methylene groups. This reaction can be represented as follows:
The involvement of cyclic intermediates such as ethylene
imines has been proposed in many different kinds of reactions.
7
Fuson and Zirkie have studied the following ring expansion which
probably proceeds by the formation of a three-membered ring intermediate.
/ C\2
c h 2— c h2 c h2 —  c h 2 c h 2 n c h2
CH0 CH —  CH„C1 :>CH0 CH -f C l --- > CH0 CH„
^  / 2 ^  / \  ^  / 2 
N N  CH, X N
I I | ...2.15
C2H5 C2H5 C2H5
The isomerization of an amino primary alkyl chloride to 
amino secondary alkyl chloride has also been proposed to pass through
g
a cyclic intermediate, as follows:
Because the (3 -amine primary chlorides solvolyse much more 
rapidly in aqueous solution than do the corresponding unsubstituted 
primary chlorides, it seems that the amino group participates in the 
rate-controlling step of. the reaction via the formation of a reactive 
cyclic intermediate ethylene imine.
Kinetic investigations of certain reactions of 3-haloamines
also support the concept of ethylene immonium ions as intermediates.
9
Bartlett, Ross and Swain have studied the cyclic dimerization and 
nucleophilic substitution of the chloride ion in methyl-bis-(3-chloro- 
ethylamine in aqueous acetone. They found that the rate of the chloride 
displacement reaction in the presence of excess nucleophiles as first-order 
in 3 -haloamine concentration with approximately the same rate constant.
This indicates that the nucleophilic attack is not on the 3 “haloamine 
but on the cyclic intermediate (immonium ion) formed by intramolecular 
attack of the amino group on the ethylene group. The cyclic intermediate 
is highly reactive due to the strain of the three membered ring and the 
polarising effect of the positive charge upon the carbon-nitrogen linkage. 
Thus the intermediate is being attacked as fast as it is formed which 
makes the overall rate of the reaction equal to the rate of the formation 
of the cyclic intermediate, as shown below:-
In a series of experiments carried out by Freundlich et al^, 
the kinetics of the reaction
X —  CHr-(CH0) —  NH_ >  CH0 —  (CH0) -— NH.HX ...2.19
I I
X = Br, Cl, I
was investigated by measuring the increase in the halogen ion concentration
II
and the reaction was found to be strictly first-order. Salomon has 
found that the normal and higher membered ring imines are stable to the 
halogen acids in dilute solution, but the 3 and 4 membered ring imines 
are converted to the halogenated amines. The corresponding ring closure 
reactions, however, proceed to completion in alkaline solution where the 
concentration of hydrogen ion remains small. On the other hand, if 
we have bromoethylamine in benzene, the following equilibrium is set up 
CH0 CH0 CHL —  CH0
i 2 I 2 , 'v /  2 ..........
Br NH9 NH.HBr
. . .2.20
The formation of strained rings is thus dependent on the pH of the reaction 
mixture, in contrast to the ring closures of normal and higher-membered 
rings.
According to the above observations, the expected mechanism in 
our study of the reaction, namely
Na2S03 + H20 NaOH + NaHSO, . . .2.22
CH2 Br
CH2 —  fe Br
CH0 Br
I 2
CH2 —  NH2
NaHS03 +
+ NaOH
CH,
CH,
CH„ —  Br
+ H90 + NaBr
fcH2 —  NH2
c h _
| z NH9Br 
CH ^
:NH2Br
CH2— S03H
CH2 NH2
+ NaBr
...2.23
...2.24
...2.25
The formation of a cyclic intermediate is confirmed by 
heating equal moles of the 2-bromoethylamine and NaOH in D20 for 3 minutes 
at 70°C and recording the ^H nmr spectrum of the mixture directly. The
spectrum showed a singlet at 2.1 ppm attributable to the methylene protons
of aziridine hydrobromide (Figure 2.9) since the methylene protons of 
aziridine appear at 1.62 ppm.
A kinetic study of the reaction of 55°C shows that a decrease 
in pH occurs as the reaction proceeds (Figure 2.10). Since in the 
mechanism proposed above there is no consumption of hydroxide ion 
(or production of hydrogen ion), the decrease in the pH might be due to
the addition of hydroxide ion to the aziridine intermediate in a
side-reaction to produce ethanolamine as a by-product as follows;
CH,
OH + |
CH,
NH2Br
CH„ •—  OH
I 2
CH2 —  NH2
+ Br ...2.26
The presence of ethanolamine as a by-product (15-207o) with taurine was 
confirmed by nmr measurement. Furthermore, it is found that about 15-20 
molar percentage of NaOH is required to keep the pH of the reaction constant 
which confirms that the NaOH is used in this side-reaction.
5 k 3 2 1
Figure 2.9
'H nmr spectrum of the mixture of 2-Bromoethylamine with NaOH after 
three minutes heating at 70°C. recorded on a 60 MHz High Resolution. 
Nmr Spectrometer (Hitachi Perkin-Elmer R-24R).
minute
15
10
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Figure 2.10
Plot of pH change qf,reaction mixture as a function
of time.
Finally a kinetic study of the reaction at constant pH, 
using a pH-stat, shows that the rate is first-order in hydroxide 
ion concentration (Figure 2.11). Thus the amount of NaOH consumed 
is equal to the amount of aziridine formed in the reaction. Furthermore, 
it is found that the rate of the reaction increases with increasing 
pH .(Table 2.1).
Table 2.1
»3
Reaction between 2-bromoethylamine (4.5 x 10 moles) 
with ^230^ (4.5 x 10  ^moles).
pH of solution 10^k (s"^)
7.47 8.7 + 0.2
7.00 8.27+0.07
6.35 1.05+0.05
A plot of the observed rate constant ^ ^ against the hydroxide ion
concentration gives a straight line passing through the origin
(Figure 2.12). The formation of the aziridine intermediate is therefore
reduced by operating at low pH. This would also have the effect of
minimising the extent of tritium scrambling. Consequently in the •
3
preparation of (1- H)taurine, solutions of low pH should be employed.
1 2 3 4 5 6 7
time in minutes
Figure 2.11
Plot of Log (V^ - Vfc) against time for the reaction of 2-bromo-
ethylamine with hydroxide ion at pH = 7.0
Vt - The volume sodium hydroxide consumed at time t
- The volume sodium hydroxide consumed at the end of reaction
obs
Figure 2.12
Dependence of k ^ on hydroxide ion concentration in the reaction of
*3
2-bromoethylamine slope = 4.85 x 10 .
On repeating the process of the preparation of deuteriated
taurine using NaHSO^•instead of Na2S02> in the last stage in order
to decrease the pH of the reaction no deuterium scrambling occurred
2
and the product was mainly (1- H)taurine. This is clearly shown by 
the nmr spectrum of the product which shows only a singlet 
as shown, in Figure 2.13*
yFigure 2.13 
nmr spectrum of Deuteriated taurine.
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3.1. INTRODUCTION.
3.1.1. Isotope Exchange Reactions.
Exchange labelling methods for the introduction of isotopes
into compounds have been known for many years, their feasibility being
first investigated by Hevesy'*' over fifty years ago. Isotope exchange
reactions are reversible processes by which two isotopes of the same
element (mZ, nZ) exchange places as shown in equation 3.1. Compared
2
with some chemical syntheses involving isotopes, which can.be very 
demanding in both time and expense, isotope exchange processes can 
provide a satisfactory alternative procedure.
A mZ + B nZ A nZ + B mZ ...3.1
The preparation of tritium labelled compounds by isotope exchange
reactions can undoubtedly be regarded as the most important general technique
for the introduction of tritium atoms into molecules. The method permits
the labelling of very complex molecules which could not otherwise be
labelled. However, it must be noted that most exchange labelling methods
involving tritium normally result in a generally labelled compound
i.e. a compound in which the isotopic atoms are distributed in a random
fashion throughout the molecule. Tritium gas or tritiated water is
3
usually the source of the label. The method developed by Wilzbach in 
1956 used tritium gas and consisted of allowing a compound to remain in 
contact with the gas for a number of days or weeks. During this time, 
the radiation induced exchange between the hydrogen atoms of the compound 
and the tritium gas. Although there have been numerous modifications made 
to this radiation-catalysed exchange procedure, 1:he-problems associated 
with the purification of the compounds and the relatively low molar 
specific activities normally achieved have made the method of limited use.
A more widely used method involving tritium gas is that
developed by Evans et al . This method is also based on the ability of
hydrogen atoms in certain positions in a molecule to exchange with
tritium gas in the presence of a metal catalyst. A solution of the
compound is stirred with the catalyst (usually Pd) and tritium gas.
Many organic compounds such as carbohydrates, amino acids and steroids
have been labelled by this method which yields tritiated products of
high activity and purity and often specifically labelled e.g. dibenzyl
has been labelled by exchange with tritium gas in dioxan using a
5
palladium oxide catalyst, and has been shown to be specifically labelled 
in the methylene groups.
When tritium is present as a solvent, the most widely used method 
for obtaining generally labelled compounds involves heating the compound 
(usually in a sealed tube at a temperature of 120-180°C) for a few hours 
(2-5 hours) in the presence of tritiated water (or tritiated acetic acid) 
and a catalyst. The hydrogen-tritium exchange reactions in solution are 
normally catalysed by heterogeneous and homogeneous catalysts. In the
first case a wide range of heterogeneous catalysts (Pt, Pd, Ni, Co, Fe,
£
Rd, etc.) in supported or unsupported forms have been employed, platinum 
being the most active. Compounds labelled by this method include, for 
example, amino acids, hydrocarbons, polycyclic aromatic hydrocarbons and 
steroids.^
A large number of organic compounds have been labelled under
homogeneous conditions by taking advantage of the weakly acidic character
7
exhibited by some carbon-hydrogen bonds. Thus, in the presence of a 
suitable base, specific ionization may occur allowing hydrogen isotope 
exchange with appropriately tritiated solvents. Some compounds such as 
the (3 -diketones are sufficiently acidic to permit labelling to take place 
even in neutral solution at room temperature. For weaker acids, e.g. 
ketones, strong bases, such as hydroxide ion, are required to produce the 
intermediate carbanion (equation 3.2). m-Dinitrobenzene has been labelled
OH — HTO —
RCOCH3 ■— — > RCOCH2 .— — — >> RCOCH2T + OH ...3.2
in the 2-position in the same way. (equation 3.3).
NO,
©  T
...3.3'2 v  2 v  2 
For compounds that are even less acidic, such as triphenylmethane 
or toluene, highly basic media are necessary.
On the other hand, many exchange reactions have been
3
catalysed by acids. DL-(2, 4, 6- H)5-Hydroxytryptophan specifically
labelled in the indole ring moiety is prepared by heating the compound
o 9
at 40 C for 1 hour in 4M tritiated hydrochloric acid. As no exchange
occurred with the hydrogen atom at the asymmetric carbon atom, i.t is
likely that this procedure could be used to prepare D-or L-5-hydroxy-
tryptophan (equation 3.4) without racemization
HO. CH0—  C — C0„H
NH N^T
H
c h 2—  C —  c o 2h
NH,
Amino acids labelled with tritium in the ^-position can be 
prepared by heating the N-acetyl derivative under reflux for a few hours 
with tritiated acetic acid (carboxy T) and acetic anhydride. Exchange 
occurs through an azlactone intermediate as shown in equation 3.5
RCH-COOH
I 2
NHAC
R —  C = C —  OH
I i
N 0
V
CH„
RC = C —  OT
I I
N 0
V
CH3
NHAC
RCT —  C02H
RCT —  C = 0
I I
N 0
V
CH-1 ■
NH0 
I 2 
RCT —  C02H
...3.5
The T(A1C130H) reagent gives higher reaction rates than 
other acidic tritiated solutions and many aromatic compounds can be 
labelled using this reagent.^
Ethylaluminium dichloride has also been used for the labelling
11 12
of a wide range of aromatic compounds with tritium. * Recent
studies have shown that alkanes and alkenes can be labelled provided
11
that the compounds contain a tertiary carbon atom.
The tritiated phosphoric acid-borontrifluoride complex
(T^PO^.BF^) labels compounds by exchange at room temperature. This is
useful for compounds which are heat sensitive, and this is the main
13
advantage in employing the reagent.
Homogeneous metal-catalysed exchange reactions were introduced
14
in 1967. In this procedure, homogeneous metal catalysts, such as 
platinum II salts, are used and the method consists of simply heating a 
solution of tritiated water, potassium chloroplatinate (or the sodium 
salt), acetic acid and a trace amount of hydrochloric acid at about 
75-85°C for 4 hours. The acidity of the solution is critical: if it is 
too high, the homogeneous metal-catalysed process is inhibited and only 
acid-catalysed exchange takes place; if the acidity is too low, reduction 
of the catalyst complex occurs, platinum metal is precipitated and of 
course, the exchange reaction becomes a heterogeneous metal catalyst 
hydrogen transfer reaction. ......  ...
It has been found^ that homogeneous metal catalysed reactions 
in general give slightly lower radiochemical yields and products of 
lower molar specific activity than are achieved with heterogeneous metal 
catalysed exchange procedures. This is illustrated in Table 3.1 
which shows a comparison of the two methods for the labelling of thymine 
at high specific activity.
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Despite the obvious limitations of the homogeneous 
metal-catalysed procedure, the method has certain advantages when 
compared with the gas exchange method and heterogeneous catalysis.
For example, with certain compounds such as 2,4,6-trimethylbenzene 
where the ring hydrogen atoms readily exchange under acidic conditions, 
it is possible to label both methyl hydrogen atoms and the ring hydrogen 
atoms in the molecule in one step by effecting a compromise in acidity 
such that both homogeneous metal catalysed and acid catalysed isotope 
incorporation occurs.
15
Lepage and Junga have reported a mercuric chloride catalysed 
exchange between tritiated aromatic hydrocarbons, such as toluene or 
benzene, and nucleosides on heating under reflux for several hours.
Many reports have been published^ on the use of homogeneous-metal 
catalysts for deuteration rather than tritiation. A comparison of the 
homogeneous and heterogeneous platinum-catalysed exchange procedure 
for the labelling of hormones and steroids with deuterium has been 
published.^
3.1.2. Dichlorotris (triphenyl phosphine) ruthenium (II) as a catalyst.
Dichlorotris (triphenyl phosphine) ruthenium (II)
(RuC^^ph^)^) is well known for its ability to catalyse hydrogen
17 — 2 8
transfer in organic reactions e.g. hydrogenation of olefins and
17 25
acetylenes, reduction of nitro alkanes to amines, double-bond
26 2 8
isomerization and hydrogenation. * It can also be used to catalyse
many oxidation reactions, such as some benzylic oxidations, involving 
23, 27
oxygen gas.
The catalyst has been shown to be extremely efficient in the
homogeneous hydrogenation of olefins and acetylenes in ethano1-benzene 
17solution. The catalytic activity has been attributed to the formation 
of an hydrido-complex, RuCllKpph^)g, followed by insertion of the
unsaturated compound in the Ru-H bond.^’ ^  The overall reaction 
is represented by equations 3.6 and 3.7.
RuC12 (pph3>2 + H2  > RuCIH (pph^)^ + HC1 ...3.6
R
H I CR = CHR
/  s . /(pph3)3Ru <--  HI  >  (pph3)3Ru
\  ? \
Cl | Cl ...3.7
R
The hydrido-complexes of ruthenium and of a number of other
transition metals can be prepared by reacting the transition metal
complexes with alcohols in basic media., The overall reaction is
represented in equation 3.8 and has been assumed to involve an initial
step of ruthenium alkoxide formation, followed by the transfer of the
29
(3 -hydrogen from the alkoxide ligand to the central metal atom.
R.RoCH0H + —- M —  ---- } R,R0C — 0 — M -  + H+
1 2  j 12 rzZs I
R-R„CO + H - M - + H ...3.81 2 ,
None of the proposed reaction intermediates have yet been isolated.
30
Sasson and Blum reported the following three reactions to support the 
formation of an alkoxide intermediate
a) the formation of ether on heating some secondary or tertiary alcohols 
at 180° C for a short time (less than 1 hour) in the presence of 
RuCl2(pph3)3. This has been explained by the formation of ruthenium 
alkoxide as the primary intermediate as shown in equations 3.9 to 3.11
RlR2R3COH + RuCl2(pph3)3   ^R^R2R3CORuCl(pph3)3 + HC1 ...3.9
R j R ^ C O H  + H+  R1R2R3C+ +.-H20 ...3.10
R1R2R3C+ + R1R2R3CORuC 1 (pph3 ) 3-— 1> ( R j R ^ C ^ O  + RuCl2(pph3)3 ...3.11
b) Racemization of optically active alcohols on heating at 180° C 
in the presence of RuCl^Cpph^)^ for 12 hours whereas the reaction 
proceeds to a negligible extent in the absence of the catalyst. This 
has been explained in terms of a reversible (3 -hydrogen transfer from 
an alkoxy-group bonded to ruthenium to the metal atom as shown in 
equation 3.12.
R.R0CHOH + (Ru) v - - - : R 1R0C/—- 0 —  (Ru)
1 Z L Z, V
A
R ^ C O  RuH ...3.12
c) Hydrogen-deuterium exchange in R^R^CHOD. At 180° C
RuCl^Cpph^)^ catalyses the hydrogen-deuterium exchange in the reaction
2
shown in equation 3.13. When l-phenylethan( H)ol was heated in the
-3
presence of the ruthenium complex (3 x 10 m), 337o of the deuterium 
was exchanged during the first 30 minutes.
R ^ C H O D  R ^ C D O H  ...3.13
This reaction can also be explained by the formation of a ruthenium
alkoxide as shown in equation 3.12.
The reactions of primary alcohols and ruthenium complexes 
29 32
have been reported. ’ This reaction is somewhat more complicated.
The aldehydes formed in the process were decarbonylated by the metal ion
to give hydrido-carbonyl complexes instead of metal hydrides.
3 X o
Regen also found that when elcohols were heated to 200 C
for 1 hour in the presence of 0.2 mol 7. of dichlorotris(triphenyl
phosphine)ruthenium(IX), deuterium bound to oxygen exchanged with
hydrogen exclusively at the 00-carbon atom, to produce a-deuterated
alcohols. It was found that primary alcohols readily undergo hydrogen
exchange, those secondary alcohols investigated gave poor results
(Table 3-2) and prolonged heating resulted in considerable dehydration.
Table 3.2
Percentage of Deuterium at the a-position of 
labelled alcohols?^
Alcohol Isotopic composition %
do dl d2
1-Ethanol^ 42 43 15
1-Butanol^ 55 v 35 10
2-Propanol^ 98 2 0
c
1-Decanol 7 35 58
l-Decanola 0 5 95
3.
1-Dodecanol 0 6 94
1-Octanola 0 3 97
Cyclododecanol 95 5 0
a - The molar ratio of D^O to alcohol was 50: 1 .
b - Alcohol (ROD) was heated in the absence of D20
c - The mole ratio of D2O to alcohol was 5:1 
dg - means no deuterium atoms in the molecule 
d^ - means one deuterium atom in the molecule 
d9 - means two deuterium atoms in the molecule
For primary alcohols no decomposition was detected (^0.17o) under 
the reaction conditions. Addition of D^O to the reaction mixture 
increased the extent of labelling and the reaction became a synthetically 
useful method for the preparation of OC-deutera ted alcohols.
3.1.3. Tritiation of alcohols.
Aliphatic alcohols can be labelled in the methylene or
33
methine hydrogen position by reduction of acids, esters, aldehydes
35
or ketones with lithium aluminium tritide or lithium borotritide.
Also, reduction to the alcohols can be carried out with tritium gas over
o 34
a nickel catalyst at 170 C. The high temperature and pressure 
reactions with tritium gas are usually avoided not only from the 
potentially greater radiation hazard but because the fact that high 
temperatures often lead to isomerization or movement of the tritium atoms 
to other parts of the molecule.
Sometimes it is possible to combine the advantages of simple
exchange procedures with chemical synthesis e.g. CH^TOH can be prepared
3 36 34
by the hydrolysis of methyl- H-naphthoate or benzoate (equation 3.16).
These esters are readily prepared by exchanging the carboxy group hydrogen
atom with tritiated water followed by esterification of the tritiated
acid with diazomethane in ethereal solution (equation 3.14 and 3.15).
...3.14 
... 3.15 
...3.16
OC-Deuteriated alcohols can be prepared as has been mentioned
31
above, by catalytic hydrogen-deuterium exchange using RuCl^pphg)^ 
as a catalyst. This method could be used for the preparation of 
alpha-tritiated alcohols, using tritiated water as the source of tritium.
RCO'2H + THO RC02T + H20
rco2t + ch2n2 rco2ch2t + n£
RC02CH2T + KOH^=^ RC02K + CH2TOH
Therefore it avoids the lengthy chemical syntheses and the use of 
expensive reagents such as lithium aluminium tritide or lithium 
borotritide.
The purpose of the work was to explore the use of 
dichlorotris(triphenyl phosphine)ruthenium(ll) as a catalyst in the
tritium labelling of various kinds of alcohols and to use the power
3
of H nmr spectroscopy to determine the pattern of labelling and 
thereby aid in the elucidation of the reaction mechanism.
3 .2 . . EXPERIMENTAL.
3.2.1. Equipment and Materials.
All the alcohols were obtained commercially and their purity 
was checked by gas-liquid chromatography. If impure they were purified 
using this method.
1 3
H and H nmr spectra were obtained using a Bruker WH90 
pulse spectrometer operating at 90 and 96 MHz respectively.
3.2.2. Procedures.
3.2.2.1. Preparation of Dichlorotris(triphenyl phosphine)ruthenium(II
37
The complex was prepared from the interaction of 
triphenyl phosphine with methanolic solutions of commercial hydrated 
ruthenium trichloride as shown in equation 3.17.
RuCl,.3H,0 + n (C,H,),P ^ ethanol SOLn; RuC1 (p(C H \ \ + other prodUct
3 2 6 5 3 65 C.3hour 2 6 5 3 3
atm.
3.2.2.2. Catalytic tritiation procedure.
A mixture containing the alcohol (0.3 g), RuC^Cpphg)^ (5 mg)
and tritiated water (10|ll ; 50 Ci/ml) were sealed under nitrogen in a
small thick walled glass tube. The tube was placed in an oil bath and .
maintained at 200° C for 1-3 hours, cooled to room temperature and opened
The contents were poured into ether (20 ml), washed with distilled water
(1 ml), and then dried over anhydrous Na^SO^ and filtered. The mixture
was distilled and the compound was dissolved in a deuteriated solvent
38 3
such as CDClg or D2O and prepared for H nmr analysis.
Tritiated ethanol was prepared by the same method discussed 
above except that the reaction mixture contained a very small quantity of 
a desiccant which was then filtered off.
3.3. RESULTS AND DISCUSSION.
3.3.1. Determination of tritium distribution.
39
Previous work has shown that both the chemical shifts and
3
the intensities of the signals in the H nmr spectrum have the same 
significance as in nmr spectroscopy and the analysis of the nmr 
spectra of all the compounds that have been tritiated has been carried
out on this basis. Thus the tritium distribution in the molecules
3 1can be determined by measuring the H nmr spectrum and the H nmr
spectrum for the compounds in the same solution. Direct comparison
between the chemical shifts of the two spectra gives the positions of
the tritium atoms in the molecules and the intensities of the signals
3 39 40
in.the H nmr spectrum give the extent of tritium labelling ’
3 1 3
e.g. the H nmr spectrum and the H nmr spectrum of 1-(G- H)heptanol
3
for the same solution are shown in Figure 3.1. The H nmr spectrum
shows two signals, one at 3.6 6 and the other at 1.5 5 which are the
same as the chemical shifts of the hydrogen atoms at thea - and (3-positions
to the hydroxyl group, respectively. This clearly shows that the tritium
is distributed in the a  and (3 -positions of the alcohol. From the area
3
of the signal in the H nmr spectrum it is found that the tritium 
distribution is 86% in the a--position and 14%, in the(3 -position.
3.3.2. Catalytic hydrogen-tritium exchange reactions.
3
The H nmr spectra of other tritiated alcohols are shown in 
Figures 3.2 to 3.6. The location and relative percentages of tritium 
are shown in Table 3.3.
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H nmr spectrum (B) and proton decoupled H nmr spectrum '(A)
of 1-(G- H)heptanol in CDCl^.
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nmr spectrum (A) and proton decoupled nmr spectrum of (G-T)ethanol
in D2O (B).
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H nmr spectrum (A) and proton decoupled H nmr spectrum of 3-phenyl
1-propanol (B ).
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H nmr spectrum (B) and proton decoupled H nmr spectrum of
octadecanol (A).
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H nmr spectrum (A) and proton decoupled H nmr
spectrum (B) of benzyl alcohol.
b(A)
a c d e 
c h 3- ( c h 2 )5-ch-oh
C H 3tr
d
A. amrJ^ r\ 1
1 5
(B)
u
3 2
Figure 3.6
1 6
1 3H nmr spectrum (A) and proton decoupled H nmr spectrum (B) of
2-(G- H)octanol.
Table 3.3.
Position and relative incorporation (7>) of tritium in the
labelled alcohols.
Alcohol Relative 7o at various positions Specific activity
mCi/mmol
ethanol HO - ch2
100
i o Co 54
1-heptanol HO - ch2
86
- CH2 
14
- (ch2)4 - ch3 115
3-phenyl 1-propanol HO - c h£
96
- ch2 
4
- CH2 - ph 136
1-octadecanol HO - ch2
88
- ch2 
4
- (ch2)15 -
8
CH3 180
benzyl alcohol HO - ch2
100
- ph 82
2-octanol ch3 - CH(OH) - ch2(ch2)4 - CH3 80
46 22 14 18
In all the tritiated alcohols the tritium is mainly located
in the OC -position to the hydroxyl group. The insertion of tritium
in the OG -position can be explained in terms of a reversible hydrogen
30
transfer in an oxidation-reduction reaction as has been proposed for 
catalytic hydrogen-deuterium exchange in the preparation of a-deuteriated 
alcohols as shown in equation 3.18.
H
I '
R.RoCH0H + (Ru )'^=£ R,R„—  C—  0 —  (Ru) + HC1/ 2 1
R ^ C T O H  + (Ru) <— ±---- RiR2C = & ••• (RuH  ^ ...3.18
It is also clear that in most of the alcohols containing a 
(3-hydrogen, there has been a significant amount of tritium incorporated 
in this position. This was not reported for the corresponding catalytic 
hydrogen-deuterium exchange reactions.
The presence of tritium in the (3 -position might be explained 
as follows. When the aldehyde or ketone is formed in the reaction 
(equation 3.18) the hydrogen atom [3 to the hydroxyl group becomes a- 
to the carbonyl group (equation 3.19), and can easily undergo hydregen- 
tritium exchange reactions, in the presence of a catalyst.
OH 0
I *  i!
RjC ^   CHR ----- > RCH2— C — R ...3.19
Further reduction of the aldehyde or ketone during the course of the 
reaction gives |3 -tritiated alcohols. The tritiation of 2-heptanone 
on heating at 200° C for 1 hour in the presence of catalyst occurs 
in the a  -position to the carbonyl group (Figure 3.7). This finding 
supports the above idea concerning the insertion of tritium in the 
(3-position of alcohols.
CH, - ( CH ) -CH --CO-CH
(A).
r
o 62
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0123
Figure 3.7
1 3
H nmr spectrum (A) and proton decoupled H nmr spectrum (B)
3
of 1-(G- H)heptanone.
Furthermore it is found that the incorporation of tritium 
in the (3 -position increases with time (Figure 3.8) i.e. an increase 
in reaction time gives a greater opportunity for the aldehyde or ketone 
to exchange.
On the other hand, tertiary alcohols, such as adamantanol 
(which do not oxidise) show no tritium incorporation. This again 
supports the idea that the exchange in the (3 -position occurs in the 
oxidised form of the alcohols.
In some alcohols, tritium is incorporated into another part 
of the molecule. This might be as a result of metal-catalysed 
hydrogen-tritium exchange at the high temperatures employed.
In order to determine the activity of the catalyst during 
hydrogen-tritium exchange in another group of compounds such as amines,
2-phenyl ethylamine was heated with tritiated water in the presence of
3. 3
catalyst at 200 C for 1 hour. The H nmr spectrum and the H nmr
spectrum (Figure 3.9) show that there is incorporation of tritium in the
a - and [3-positions (mostly in the CX -position) to the amino group.
Therefore, dichlorotris(triphenyl phosphine)ruthenium(Il) 
could be used for the tritiation of a wide range of compounds. Also, 
specific tritiation at the -position of an alcohol can be achieved in a 
short reaction time (Figure 3.11) while the tritiation at both <%• and 
(3-positions can be achieved by increasing the reaction time. At the 
reaction temperature (200° C) many compounds decompose e.g. in the 
tritiation of 2-octanol, both the H nmr spectrum (Figure 3.6) and the
3
H nmr spectrum of the product show the presence of some oxidised product 
(2-octanone). An attempt to reduce the temperature of the reaction 
showed that 1-heptanol can be tritiated at 120° C provided the time is 
increased (e.g. 36 hours). Under mild reaction conditions more compounds 
can probably be tritiated.
(c)
12k 3
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Figure 3.8
3 3
Proton decoupled H nmr spectra of 1-(G- H)heptanol at different
incorporation times - a) 15 minutes, b) 30 minutes, c) 180 minutes.
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The H nmr spectrum (A) and the proton decoupled H nmr spectrum (B)
of. 2-Phenyl(G-T)ethylamine.
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4.1. INTRODUCTION.
4.1.1. Reactivity of Benzo(a)pyrene.
Ever since the discovery of carcinogenic hydrocarbons
continuous efforts have been made, both experimentally^ ^  and 
15
theoretically, to understand the molecular properties which distinguish 
the carcinogenic condensed ring system from similar inactive systems.
These studies have resulted in the recognition of various reactive points 
in the carcinogenic hydrocarbons, and attempts have been made to relate 
these reactive points, or regions, with carcinogenic properties.
Pullman and Pullman,^ have associated'the carcinogenic activity of 
these compounds with the presence of a chemically reactive phenanthrene- 
type double bond at the 4,5 positions (which is called the K-region).
They have suggested further that the primary process in cancer induction 
is an addition reaction of the cellular component at the K-region.
Rice^ has suggested that a cyclobutane adduct is formed between cytosine 
and benzo(a)pyrene involving the 5,6 double bond of the pyrimidine ring 
and the K-region of the hydrocarbon. This proposal suggests a similarity
to the well-known reaction of DNA on ultraviolet irradiation to form
17 18
a cyclobutane pyrimidine dimer. Antonello, on the other hand,
proposed a structure (I) for a photoproduct of thymine and benzo(a)pyrene
in which the four-membered ring is joined at positions 7 and 8 of the
hydrocarbon.
19
In contrast, Cavalieri and Calvin have demonstrated that
1-methyl cytosine becomes attached by a single bond to the 6-position
of benzo(a)pyrene on irradiation at 350 nm, and gives the product II.
20
Blackburn reported a similar structure (III) for the photoproduct of 
thymine and benzo(a)pyrene. .
HN' CH,
r r fIx
V0 (ii) N  O (III)
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Many reports in the literature show that the benzo(a)pyrene
radical cation generated by chemical or electrochemical oxidation is 
trapped by various nucleophiles almost’ exclusively at C6 as a result 
of the localisation of a positive charge at that site (Figure 4.1).
0,092 0,118
0.1
Figure 4.1.
27
The theoretically calculated atomic charge densities of 
the benzo(a)pyrene radical cation; the charge densities are 
expressed in units of positive charge with the sum of the 
charges at all the carbon atoms equal to one.
26
However, Blackburn and Will reported that the electrochemically 
generated radical ion is trapped by the relatively strong nucleophile, 
l~methylimidazole, at a site other than C6, tentatively assigned as C-l.
The highest calculated atomic charge densities in the benzo(a)pyrene 
radical cation (Figure 4.1) are C-6, C-l and C-3 in decreasing order.
These values correctly predict that C-6 is the primary trapping site
with weak nucleophiles. However, with sufficiently strong nucleophiles,
competitive reactions of C-l and/or C-3 should be observed. This
could also be true in biological systems, despite the weak nucleophilicity
of purine and pyrimidine bases, if the binding selectivity is influenced .
by a specific orientation of the hydrocarbon within the DNA-hydrocarbon
28
physical complex prior to oxidation. Therefore, if the one-electron 
oxidation mechanism is operative C-6 and/or C-l and C-3 would be the 
expected binding sites to cellular nucleophiles.
4.1.2. Carcinogenicity of Benzo(a)pyrene.
The binding of polycyclic aromatic hydrocarbons to nucleic 
acids has been the object of intensive study, as an understanding of 
hydrocarbon-biopolymer interactions may shed important light on the 
mechanism by which many of these hydrocarbons initiate the process of 
chemical carcinogenesis. The carcinogenicity of many polycyclic 
aromatic hydrocarbons is attributed to their covalent binding in vivo
29
to the heterocyclic bases of the nucleic acids by metabolic processes.
30
Such binding can also be achieved in vitro by photochemical or 
31 32
oxidative ’ methods.
33
Blackburn et. al. found that the covalent binding of tritiated 
anthracene, benzo(a)pyrene and 3-methyl cholanthrene to DNA is attended 
by a reduction in the tritium content of the hydrocarbons. More
3
specifically, (G- H)benzo(a)pyrene in which 347o of the tritium content
is located at position-6, was bound photochemically to DNA. There was
34
a 317o displacement of the tritium which is commensurate with binding at
position-6. On the other hand binding in vitro by microsomal preparations
or in mouse embryo cells in tissue culture has afforded hydrolysis
35products with only 5-107o loss of the tritium content.
3 36
Using (6- H)benzo(a)pyrene it was found that the photochemical
binding proceeded with 927c loss of the tritium content while the microsomal
binding proceeded with a" loss of 207o.
The difference in the tritium losses in different studies
of covalent binding and the fact that the benzo(a)pyrene does not have
a significant reactivity has led to the proposal that benzo(a)pyrene
is converted into a reactive intermediate that becomes covalently bound
37 29
to the cellular macromolecules. ’ The identity of the intermediate 
which is ultimately responsible for the carcinogenic activity is not 
known with certainty, but the conversion of benzo(a)pyrene into reactive 
intermediates was thought to proceed via two pathways. The first results
in the production of quinones arising from hydroxylation at C-6 at an
38
early stage. This may be the case in the photochemical binding methods,
which proceed with about 907> tritium loss at C-6. The second pathway
39
proceeds by epoxidation at one or more double bonds and normally leads 
to a variety of dihydrodiols as may be the case in microsomal binding 
me thods.
The investigation of intermediate formation is complicated by
the fact that the intermediate may not be directly detectable due to its
high reactivity or due to its formation in very low amounts relative to
the other compounds formed in the reaction. These problems have been 
40
circumvented in part by the synthesis of nearly all of the possible
41 42
oxidized intermediates. Extensive studies ’ have also been carried 
out on the oxidation mechanism in benzo(a)pyrene, which might help in 
the understanding of the mechanism of the carcinogenic process.
On the other hand in some cases the solvent has a great effect
43
on the binding mechanism of hydrocarbons, e.g. Levin found that dimethyl 
sulphoxide forms a complex with benzo(a)pyrene which has binding affinities 
different from the carcinogen itself.
From the above results one can immediately say that there is no 
one mechanism which can convincingly explain the carcinogenicity of
benzo(a)pyrene. One might speculate that the intermediate formed by- 
oxidation or by reaction with the solvent, is more soluble in water 
than the hydrocarbon itself, and allows the intermediate to reach 
the target sites that might not otherwise be reached. This raises 
the point that further studies should be carried out on the oxidation 
reactions of hydrocarbons and the effect of solvent on these reactions.
4.1.3. Nmr spectroscopy of benzo(a)pyrene.
Complete nmr analysis has been reported for several unsubstituted
44 45 46
polycondensed hydrocarbons, including benzo(a)pyrene. * Calculated
shielding parameters were compared with experimental data obtained from
the 100 and 220 MHz spectra.
The 220 MHz spectrum of benzo(a)pyrene is shown in Figure 4.2.
45 46
The peak assignments were made by Martin and by Haigh and Mallion.
Further confirmation of the analysis was achieved by the resonance technique
47and selective deuterio-deprotonation studies.
3 3 48
The H nmr spectrum of (G- H)benzo(a)pyrene has been reported
(Figure 4.3). This shows that tritium nmr spectroscopy is a powerful
non-destructive method for determining the tritium distribution in
generally labelled polycyclic aromatic hydrocarbons.
In previous photochemical binding studies of tritiated 
benzo(a)pyrene with nucleic acids, the product is subjected to various 
lengthy and time consuming analytical methods in order to determine the 
site(s) of reaction. The purpose of this work is.to explore the use 
of tritium nmr as a method of monitoring some photochemical reactions of 
tritiated benzo(a)pyrene in solution and study the factors affecting this 
reaction, such as the solvent itself or the presence of dissolved oxygen 
or the presence of some oxidizing agent.
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Figure 4.3
3H nmr spectrum (proton decoupled) (G- H)benzo(a)pyrene
in DMS0-d6.
4.2. EXPERIMENTAL.
4.2.1. Materials and Equipment.
The tritium nmr spectra were recorded at 25+l°C on a Bruker
WH90 pulse spectrometer operating at 96 MHz.
3 3The (G- H) benzo(a)pyrene and (6- H) benzo(a)pyrene samples
were obtained from The Radiochemical Centre, Amersham.
4.2.2. Sample preparation.
A solution of tritiated benzo(a)pyrene in benzene was frozen, 
lyophilized and then redissolved in a deuteriated solvent or a mixture 
of solvents. The solution was transferred into an evacuated nmr tube, 
sealed under vacuum and submitted for nmr measurement.
The oxygen-free solvents were obtained by bubbling oxygen-free
nitrogen into the solvents for about 3 hours. Any oxygen present in
the nitrogen gas had been removed by passing the latter first over
49
BASF Catalyst R3-11, then through Rieser's solution, as shown in 
Figure 4.2. Dioxane was freed from peroxides by refluxing and distilling 
over NaBH^ before bubbling with nitrogen.
The tritiated benzo(a)pyrene obtained by lyophilization was 
redissolved in an oxygen-free solvent and nitrogen (oxygen free) bubbled 
through the solution for about 1/2 hours as shown in Figure 4.4. The 
solution was transferred (using a syringe) into an evacuated nmr tube 
which had previously been flushed with nitrogen. The tube was sealed 
under vacuum and the contents submitted for nmr measurement.
U.V. irradiation of samples.
The benzpyrene solutions in the nmr tube were placed at about 
10 cm. from the medium pressure (125 watt) u.v. lamp and irradiated for 
about 3 hours. ~
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4 *3* RESULTS AND DISCUSSION.
3
Figure 4.5 shows the proton decoupled spectrum of (G- H) 
benzo(a)pyrene in
a) before irradiation with u.v. light; signals for all twelve positions
are observed.
b) after 3 hours irradiation with u.v. light when the spectrum shows
a significant decrease in the intensity of the signal at 8.335
due to the tritium at position-6, and the appearance of another 
signal at 0.465 .
3Figure 4.6 shows the proton decoupled H nmr spectrum of
3
(G- H) benzo(a)pyrene in dioxane
a) before irradiation with u.v. light;
b) after 3 hours irradiation with u.v. light when new signal at (4.35 ).
is observed.
3
Figure 4.7 shows the proton decoupled H nmr spectrum of
3
(G- H) benzo(a)pyrene in DMSO-d^
a) before irradiation with u.v. light;
b) after 3 hours irradiation with u.v. light when a new signal at 3.4& 
appears together with a general decrease in the intensities of all 
the tritium signals.
Tritium nmr spectra obtained with proton decoupling have been
48
proved ideal for examining the tritium distribution in labelled
polycyclic aromatic hydrocarbons as only one line per labelled site is
observed and the tritium chemical shifts in these multi-spin systems can
be obtained by inspection, being the same as the corresponding proton 
50
chemical shifts. Comparison of the tritium chemical shifts with
published data of the proton chemical shifts of benzo(a)pyrene at once 
provides us with the required tritium distribution in the molecule, and
Fi
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Figure 4.5
3 3The proton decoupled H nmr spectra of (G- H) benzo(a)pyrene in
(A) before irradiation and (B) after irradiation.
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o 3 '
The proton decoupled H nmr spectra of (G- H) benzo(a)pyrene in dioxane
(A) before irradiation and (B) after irradiation.
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Figure 4.7
3 3
The proton decoupled H nmr spectra of (G- H) benzo(a)pyrene in DMS0-d6
(A) before irradiation and (B) after irradiation.
from the intensity of each signal the relative percentage of tritium in 
each position can be obtained. The results are shown in Table 4.1.
Table 4.1.
3
Distribution of tritium in (G- H) benzo(a)pyrene calculated 
3
from the H nmr spectrum (proton decoupled) of the compound 
a) before and b) after u.v. irradiation.
Chemical shift Position(s) 7o Incorporation (relative)
(6 p.p.m. )_______ labelled__________ a_____________ b_______
7.67 9,8 16.9 17.1
7.77 4 6.5 6.7
7.80 5,2 19.2 20.1
7.92 3 7.1 6.7
8.09 1 7.7 7.4
8.15 12,7 17.7 17.9
8.30 6 16.1 7.4
8.88 10,11 9.0 6.0
0.49 product - 10.7
3 3
The H nmr proton decoupled spectra of (G- H) benzo(a)pyrene
in C^D^, dioxane and DMSO-d^ (Figures 4.4, 4.5 and 4.6 respectively) show
that during the u.v. irradiation some reaction occurs leading to a
decrease in the tritium content of the hydrocarbon with the appearance
of another signal which in all cases is far removed from the
benzo(a)pyrene signals. This can be attributed to one of the following
possible reactions.
1. The hydrocarbon is activated by the u.v. light and exchanges
its tritium content with the solvent.
2. The presence of a small quantity of dissolved oxygen
which is activated by the u.v. light and oxidizes the hydrocarbon.
3. The solvent is activated by the u.v. light and reacts with the
hydrocarbon.
The validity of the first possibility may be examined 
experimentally. If it is the case, irradiation of inactive benzo(a)pyrene 
in the presence of active solvent should lead to incorporation of 
tritium in the benzo(a)pyrene. It was found that irradiation of 
inactive benzo(a)pyrene in a mixture of dioxane and tritiated water 
produces no significant transfer of activity from the solvent to the 
hydrocarbon after 3 hours of u.v. irradiation. Thus only two 
possibilities remain to be considered.
The second possibility was checked by irradiation of
3
(G- H) benzo(a)pyrene in oxygen free solvents. When deuteriated 
benzene or dioxane (oxygen free) was used as solvent, no reaction 
occurred after 3 hours of u.v. irradiation as shown in Figures 4.8 and 
4.9. This is confirmation that when these solvents are used without 
the removal of dissolved oxygen, oxygen molecules are activated by the
u.v. light and oxidize the benzo(a)pyrene, leading to a reduction in the 
tritium content of the hydrocarbon and producing tritiated water.
This is clearly shown in Figures 4.5 (B) and 4.6 (B). After irradiation 
a new signal always appears. This is due to tritiated water and the 
different 6 values is a reflection of the different solvents used.
There is also a general decrease in the total intensities of the 
(G- H) benzo(a)pyrene signals. When was used as solvent
Figure 4.4 shows that oxidation occurred mainly at the most reactive 
site i.e. position-6.
When oxygen-free DMSO-d^ was used as solvent, the proton
3
decoupled H nmr spectrum (Figure 4.10) again showed the appearance of a
. 3 x
new band (at 6 3.4) with a general decrease in the intensity of all (G- H) 
benzo(a)pyrene signals. This observation is in agreement with the third 
possibility, i.e. that the solvent itself is activated and attacks the 
hydrocarbon leading to a decrease in the tritium content of the hydrocarbon
11 10 9 8 7 6 5 4 3 2 l ’ 06
Figure 4.8
3 3The proton decoupled H nmr spectra of (G- H) benzo(a)pyrene in benzene-d6
(oxygen free) (A) before irradiation and (B) after irradiation.
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3 3
The proton decoupled H nmr spectra of (G- H) benzo(a)pyrene in dioxane
(oxygen free) (A) before irradiation and (B) after irradiation.
Figure 4.10
3 3The proton decoupled H nmr spectra of (G- H]
(oxygen free) (A) before irradiation and
benzo(a)pyrene in DMSO-d^ 
(B) after irradiation.
and the formation of. tritiated solvent.
These experiments show that considerable care is required 
in ascribing the tritium loss which results from the irradiation of 
carcinogenic aromatic hydrocarbons in both the absence and presence of 
DNA and to the mechanism of covalent binding.
The present study was extended in order to test the possible
effect of buffers present in a solvent mixture (such as dioxane-water).
3
It has been shown that no reaction occurred when (6- H) benzo(a)pyrene
in a mixture of 1:4 dioxane/water (oxygen free) was irradiated for
3 hours with u.v. light (Figure 4.11). When the irradiation (3 hours)
was repeated in the same solvent mixture containing phosphate buffer
3
(pH 6.8), the proton decoupled H nmr spectrum (Figure 4.12) showed 
the disappearance of the signal due to the tritium at position-6 of 
the benzo(a)pyrene and the appearance of a new signal at (4.76 )•
This result indicates that the phosphate buffer oxidizes the benzo(a)pyrene.
In view of the early stage of’the work the conclusions that 
can be drawn from the present studies can only be tentative. It is 
however clear that the tritium in generally labelled benzo(a)pyrene is 
more labile than expected and that the use of such compounds can lead 
to serious errors if the various factors leading to labilisation are
3
not appreciated. H nmr provides an excellent method for monitoring 
tritium loss and will greatly aid the mechanistic studies that are clearly 
needed.
(a) (b)
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Figure 4.11
3
H nmr spectra, proton decoupled of (6-T) benzo(a)pyrene in 
dioxane/water (a) before irradiation and (b) after irradiation.
( W
(a)
Figure 4.12 
3
• The proton decoupled spectra of (6- H) benzo(a)pyrene 
dioxane/water mixture (oxygen free) buffer solution 
(a) before irradiation and (b) after irradiation.
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5.1. Introduction
As the world continues to use up its sources of energy, 
more and more attention is being paid to possible alternative 
sources or to sources which for one reason or another have hitherto 
remained untapped. Into the latter category fall the oil shale 
deposits located in Wyoming, Colorado and Utah. These are the 
largest of their kind in the world and it is confidently predicted that 
the daily production will by the year 2000 be no less than 4 million 
barrels.
Oil shale is neither oil nor shale - it is a type of rock 
containing solid combustible organic matter called kerogen.
Kerogen is defined as "an organic material occurring in shale and 
yielding oil when heated".
A typical specimen of oil shale rock would have numerous 
layers of colours ranging from light grey to black. The darker the 
layer, the greater the kerogen content and the yield of shale oil.
Oil shale can be processed above or under ground. When 
the process takes place underground it is called "in situ" (in place) 
as shown in Figure 5.1.
In either event, the oil shale is heated to about 450°C.
At this temperature, the kerogen in the oil shale is transformed 
into shale oil, gas and a carbon residue.
In situ recovery has been carried out by hydraulic or 
explosive fracturing followed by in place retorting and fluid drive 
via hot liquid injection, hot gas injection, or direct combustion 
of part of the organic matter in the shale. The in situ recovery 
has the advantage of avoiding the problem of disposing of large amounts
production well
injection well
n o n p e rm e a b le  area
combustion zone
pe rm eab le  a re a
heated shale oil and gasspent shale
Figure 5.1.
In situ shale oil recovery process.
of spent shale, minimum surface disruption and its applicability 
to various grades and thickness of shale.
Even in the in situ recovery, associated with the 
production of each barrel of oil is at least the same volume of 
retort, water. It therefore follows that as the production of oil 
increases so do the environmental considerations. The manner in 
which the components of the retort water interact with the 
environment (including the microbial and aquatic environmental 
plants, animals and eventually man) is clearly a matter of great 
importance and in the development of this source of energy it would 
seem essential that an assessment of these different effects should 
be made. Such a project, if successful, should make the attainment 
of an environmentally acceptable in situ oil shale processing industry 
that much easier.
Of the various methods that can be used to study environmental
interactions and the toxicology of organic solutes in water derived
from oil shale processing, the use of a labelled material is amongst
the most attractive. This is particularly true when one is concerned
with the evaluation of uptake and biotransformation phenomena in
3 14
plant, aquatic and animal systems. A radioisotope (e.g. H, C)
2 13
is usually chosen in preference to a stable isotope (e.g. H, C)
on the grounds of sensitivity, ease of detection and cost. The choice 
3 14between H and C depends on the application under consideration.
On the grounds of cost, maximum specific activity and autoradiographic
3
considerations, H is to be favoured. On the other hand, uncertainty
with regard to the stability of the label and possible complications
arising from radiation decomposition are serious disadvantages.
3
The recent development of H nmr spectroscopy which enables one to 
determine the distribution of the label also allows one to monitor its
stability, so that these disadvantages are not as serious as
they previously were. Consequently, the attractions of tritium 
14
as a tracer over C are greatly enhanced.
In view of the chemical diversity and multiplicity of the
compounds in the dissolved organic fractions of retort water it is
not practical nor experimentally reasonable to obtain a "labelled
fraction" by addition of specifically labelled indicator compounds.
Samples which are uniformly labelled would best suit the experimental
3 14requirements. This can be achieved more readily using H than C.
The method chosen for labelling the retort water should be 
such that the chemical composition of the material is not altered 
in any way. It should also be possible to tritiate different 
batches of retort water so that the specific activity and distribution 
of the label can be satisfactorily reproduced.
Various methods are available for tritiating oil shale 
retort water. They include the Wilzbach method, various modifications 
of the method, particularly that involving the use of microwave, 
discharge, and catalytic methods involving the use of tritium gas or 
tritiated water which have been discussed in Chapter 3.
The most important methods which might be considered
worthwhile in the preparation of uniformly labelled shale oil are:
1. Base Catalysis,
This method is based on the weakly acidic character of
carbon acids,'*' depending on their pKa*s and weakly basic or highly
basic media may be employed to induce carbanion formation. It is
likely that the organic components of Omega-9 retort water will in
the main have high pKa's i.e. low acidity. Nevertheless, this
2 3
method could be very useful. *
2. Acid Catalysis
This method has been used most frequently to label
aromatic compounds via an electrophilic substitution process.
Recent developments include the use of "super-acids" the use of
a combination of high temperature and dilute acid^ and the use
5
of fluorinated acids, like trifluoroacetic acid and very 
interestingly heptafluorobutyric acid.^
3. Homogeneous catalytic methods, although extremely attractive 
in principle, are relatively few because of the lack of soluble 
catalysts. The most extensively used is potassium tetrachloro- 
platinate.^
4. Heterogeneous catalytic methods
These are many in number and the most significant recent 
developments are as follows
Ethylaluminium dichloride, a very powerful Lewis acid has been found
to be capable of inducing rapid isotope exchange (at room temperature)
8
in a number of aromatic and olefinic compounds. Although initially
it was implied that the technique was not satisfactory for the .
9
labelling of saturated hydrocarbons more recent work has shown that 
a variety of alkanes can be tritiated and that the label is distributed 
generally.^ The conclusion that in order to label an alkane it 
should contain a tertiary hydrogen atom is open to question. The
only drawback of this method lies in the possibility of isomerisation
11 12 13
taking place. BBr3> AlCl^, SbCl^ are other catalysts that
5
act in a similar but less successful way.
14
It has recently been reported that tremendous increases. 
(10-300 fold) in specific activities have been obtained through 
microwave discharge activation of tritium gas. The method is 
currently being used to label peptides and proteins.
Pri-Bar and Buchman have developed a method very- 
similar to that of Evans.^ They have found that activated 
palladium, prepared by reduction of PdO in the presence of tritium 
gas, gave higher specific activities than platinum. As regards 
the dangers of reduction accompanying the exchange, the authors 
felt that the risk was higher for PtC^ and PdO/BaSo^. In any 
case undesirable reduction can be minimised by separating the 
catalyst activation (reduction of PdO) from the exchange step.
The advantage of the tritium gas procedure is that by comparison 
with tritiated water (highest sp. activity we have used is 200 Ci/ml 
i.e. 107. isotopic abundance) much higher specific activities 
of products can be attained.
5. Radiation Induced Exchange
The most successful example is of course the Wilzbach 
method. Although it has not turned out to be as simple and generally 
useful as was first hoped, recent work directed towards improving 
the process e.g. excitation of the gas by Tesla leak detector,
X-rays, etc., has met with some success.
5.2. Experimental.
5.2.1. Separation of organic materials from Omega-9 retort water.
a) Distillation method
Careful distillation of 200 ml of Omega-9 shale oil 
retort water gave the first 5 ml of distillate as a turbid solution, 
containing some organic compound which was extracted in CCl^, 
dried and the solvent distilled under vacuum. The residue was' 
collected as fraction A.
The distillation was carried out on the remaining solution 
(195 ml) until 175 ml of the water had been distilled off. The 
residue (20 ml) was then extracted into acetonitrile, dried and 
the solvent was evaporated under vacuum - the residue was collected 
as fraction B.
b) Freeze-drying method
The desired quantity of the. retort water was freeze-dried 
and then the residue shaken twice with acetonitrile (preliminary 
extraction of the residue with different solvents showed that 
acetonitrile was the best solvent). Then the solvent was evaporated 
under vacuum. The residue was taken and called the freeze-dried 
fraction.
5.2.2. Tritiation procedure,
a) Platinium dioxide (PtO^)
100 Mg of the shale oil extract together with 50 mg of 
catalyst (freshly reduced with NaBH^)^ and 10 [11 of HTO (50 Ci ml )^ 
were placed in a narrow tube, and frozen (liquid nitrogen) and 
evacuated. The tube was sealed and the contents kept at 120°C for
48 hours. On cooling the tube was opened and the contents mixed 
with 20 ml of ether; the latter was then twice washed with 1 ml 
of water, and dried over Na2So^. The ether was evaporated off
3
and the tritiated material submitted for H nmr analysis. The 
activity of the product was ascertained by liquid scintillation 
counting.
b) Tritium gas exchange
50 Mg of the shale oil extract was mixed with 70 mg of
catalyst (palladium on barium sulphate) in 0.5 ml of methanol and
the whole left in contact with tritium gas (5 Ci) for 24 hours.
The solution was then filtered and the methanol evaporated off;
further methanol was added and the evaporation repeated. The
3
activity was measured and submitted for H nmr analysis,
c) Boron tribromide catalysed exchange
50 Mg of the shale oil extract was placed in a glass 
ampoule and the catalyst (50 P-l) added in a dry nitrogen atmosphere. 
Tritiated water (lOP'l, 50 Ci/ml was then added and the mixture 
allowed to stand at room temperature for 0.5 hours. Excess of- 
distilled water was added to decompose the complex and the shale oil 
extracted with ether, washed with water (1 ml) and dried (Na^So^).
The ether was evaporated off and the residue dissolved in CH^OD, 
prior to nmr analysis.
d) Raney nickel catalysed exchange
The catalyst was prepared according to the method of 
Dominguez and Lopez.^ -
The Raney nickel was transferred as a slurrey in ethanol
(0.05 ml) to a small tube. Excess ethanol was removed and the 
catalyst washed with cyclohexane before use. 50 mg of the shale oil 
extract was added and 10 pi of HTO (50 Ci/ml ^). The contents were
cooled in liquid nitrogen, the tube evacuated and finally sealed. 
After heating at 120°C for 2 days the oil extracted was worked 
up as in (a).
e) Acid-catalysed exchange using heptafluorobutyric acid
The shale oil extract (50 mg) was mixed with heptafluoro- 
butyric acid (100 pi) and tritiated water (10 p.1, 50 Ci/ml )^ 
and kept in a tube for 3 days at 105°C. The mixture was dissolved 
in ether and washed with water. As the activity of the mixture 
was very low the mixture was not analysed by nmr.
5.3. Results and Discussion.
5.3.1. Fraction A of the organic compound in the Omega-9 retort water.
The nmr spectrum of fraction A is shown in Figure 5.2, 
and indicates that this fraction is a mixture of aromatic and 
aliphatic compounds. The major quantity consists of aliphatic 
compounds. Shaking with D^O caused the disappearance of two small 
bands, one at 4.6 5 and the other between 3.4-3.8 6 (Figure 5..3), 
which indicates that there is a small quantity of exchangable protons.
3
The proton decoupled H nmr spectrum (Figure 5.4) of the 
tritiated product, which was tritiated by a PtC^ catalysed exchange 
reaction, shows extensive tritiation in both aromatic and aliphatic 
regions.
3
Figure 5.5 shows the proton-decoupled H nmr spectrum of 
the product resulting from gas tritiation which shows that good 
tritium incorporation has been achieved, with nearly all of it in 
the aliphatic region.
3
Figure 5.6 shows the proton-decoupled H nmr spectrum'of 
the tritiated product resulting from the use of the Raney nickel 
catalyst; very good incorporation of tritium has been achieved with 
a considerable quantity of tritium in the saturated aliphatic region.
From the above results, it is clear that tritium can be 
incorporated using different procedures to produce a labelled product. 
The two most successful catalysts for tritiating fraction A were 
Raney nickel and pre-reduced PtO^
The successful use of the labelled compound depends on the 
label being present in a stable position or at least that the rate of
loss of label under specified conditions be known. As far as tritiated
3
organic compounds are concerned, H nmr spectroscopy provides a very
uv
Figure 5.2.
nmr spectrum (in CCl^) of fraction A separated from 
Omega-9 retort water.
Figure 5.3.
nmr spectrum (in CCl^ after shaking with of fraction A
separated from Omega-9 retort water.
1527 6 58 4 3
Figure 5.4.
3
The proton decoupled H nmr spectrum of fraction A of 
Omega-9 retort water, material having been subjected to
PtO^ catalysed exchange.
10
Figure 5.5
3
The proton decoupled H nmr spectrum of fraction A separated 
from Omega-9 retort water. The material has been subjected 
to catalytic tritiation using T£ gas and a Pd on BaSo^ catalyst.
Figure 5.6.
3
The proton decoupled H nmr spectrum of fraction A separated 
from Omega-9 retort water. The material has been subjected 
to catalytic tritiation using Raney nickel catalyst.
useful method for monitoring the stability of the label; it also 
allows one to assess the importance of radiation decomposition and 
to optimise the conditions for storing highly tritiated organic 
compounds.
A tritiated sample prepared by a PtO^ catalysed exchange 
3
reaction was kept and the H nmr spectrum of the compound was run
at regular intervals, and after three months no decomposition had
been noticed. Furthermore two tritiated samples were stored,
one in a solution of 0.1 N acetic acid, and the other kept in 0.1 N
3
NaOMe-MeOH solution. Regular H nmr measurements of the two samples 
showed that after two months in acidic solution no significant 
decomposition had taken place (Figure 5.7). In the basic solution 
after two months there was an increase in the signal at 4.56 
(Figure 5.8) (signifying the release of some tritium, probably as HTO). 
Therefore it is clear that the labelled material is stable over 
reasonable periods, has not been subjected to radiation decomposition, 
and could safely be kept for several months prior to use.
Most of the above catalytic procedures were repeated to 
assess the reproducibility of the reactions. The results show that 
these methods are reproducible. Attempts have been made to use 
boron tribromide, and heptafluorobutyric acid as catalysts but these 
methods have not been successful.
5.3.2. Fraction B of the organic compound in the Omega-9 retort water.
The nmr spectrum of fraction B (separated by distillation) 
is shown in Figure 5.9 which indicates that it is a mixture of 
aromatic and aliphatic compounds, with a majority of aliphatic 
compounds. Shaking with-D^O shows there is no exchangable hydrogen.
9 8 7 6 5 4 3 2 5
Figure 5.7.
3H nmr, proton decoupled, spectrum of fraction A (separated 
from Omega-9 retort water) having been subjected to PtO^ 
catalysed exchange and kept refrigerated (~4°C) for 2 months
in HAC (0.1 N).
Figure 5.8.
3
The proton decoupled H nmr spectrum, of fraction A of 
Omega-9 retort water, having been subjected to Pt02 
catalysed exchange and kept (-4°C) for 2 months in 
NaOMe(oil)-MeOH solution.
Figure 5.9.
"Si nmr spectrum of fraction B separated from Omega-9
retort water.
The two successful catalysts for tritiating fraction A,
PtO^ and Raney nickel, were employed in the tritiation of this
3
fraction. The proton decoupled H nmr spectra of the products 
are shown in Figures 5.10 and 5.11 respectively, and indicate that 
some tritium is incorporated into this fraction, but that poisoning 
of the catalyst may have occurred.
The distillation procedure may not be the best way of 
extracting the organic material as there is always the possibility 
of side reactions occurring during the distillation. However, 
fraction A only contains a very small portion of the dissolved 
organic compounds and to a first approximation it can be neglected 
in comparison with fraction B. Therefore the freeze-drying 
procedure was used to separate fraction B from Omega-9 retort water.
The nmr spectrum of the mixture is shown in Figure 5.12 which 
again shows that the extract is a mixture of aliphatic and aromatic 
compounds, the major quantity being aliphatic.
The extract was then tritiated using the two catalysts PtO^
3 *
and Raney nickel. The proton decoupled H nmr spectra of the products
are shown in Figures 5.13 and 5.14, which show that there is a much 
better incorporation of the tritium in this fraction i.e. separation 
by freeze-drying is the preferred method of isolating the organic 
compounds.
These results show that the catalytic procedures lead to 
tritium incorporation in very stable positions, and this result will 
give a good deal of confidence to workers using the labelled material. 
Possible complications resulting from radiation decomposition and 
tritium release can also be discounted.
5 4 3 2 1 O 6
Figure 5.10.
3
The proton decoupled H nmr spectrum of fraction B 
separated from Omega-9 retort water. The material 
has been subjected to PtO^ catalysed exchange.
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Figure 5.11.
3
Proton decoupled H nmr spectrum of fraction B separated 
from Omega-9 retort water. The material has been subjected
to Raney nickel catalysed exchange.
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Figure 5.12.
■^H nmr spectrum of freeze-dried and solvent extracted 
material from Omega-9 retort water.
15 26 4 3
Figure 5.13
3
The proton decoupled H nmr spectrum of freeze-dried 
and solvent extracted material from Omega-9 retort water 
having been subjected to Raney nickel catalysed exchange.
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Figure 5.14.
3
The proton decoupled H nmr spectrum of freeze-dried 
and solvent extracted material from Omega-9 retort water 
having been subjected to PtO^ catalysed exchange.
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